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I.  Introduction  to  Fourier  Transform  Infrared  Spectroscopy 
Interferometry  and  Fourier  Transform  Spectroscopy  (FTS) 

The  great  advantage  of  interferometers  comes  from  the  careful 

1 

mating  of  very  old  techniques  known  to  A.  Michelson  and  others  in  1887 

with  the  new  technology  of  lasers  and  computers.  The  mathematical  principle 

of  Baron  Jean  Baptiste  Fourier,  the  French  mathematician,  is  applied 

to  the  interpretation  of  the  spectra  -  therefore  the  name  Fourier  Transform 

Spectroscopy.  Essentially  Fourier's  theory  allows  us  to  treat  a  complex 

summation  of  cosine  waves  (the  interferogram)  of  described  intensity  and 

interprets  this  data  in  terms  of  spectral  intensity  at  a  certain  frequency. 

The  theory  of  Fourier  Transform  Spectroscopy  has  been  treated  in  detail  by 
2,3 

others  and  is  now  standard;  so  we  have  chosen  only  to  outline  the 

basic  details  in  a  qualitative  sense. 

The  Michelson's  Interferometer  consists  of  two  mirrors  and  a  beam 
splitter  (see  Fig.  1).  The  source  radiation  (or  in  some  applications  Che 
emission  radiation)  reaches  the  beam  splitter  at  a  45°  angle.  The  beam 
splitter  (BS)  passes  approximately  50%  of  the  radiation  to  a  moveable 
mirror  (mm)  and  the  residual  radiation  is  reflected  to  a  fixed  mirror  (fm). 
In  the  newest  instrumentation  the  moveable  mirror  is  operated  rapidly, 
cycling  approximately  every  second,  on  an  air  bearing.  The  resulting 
reflection  from  each  mirror  returns  to  the  bean  splitter,  where  the  re¬ 
flection  from  the  moveable  mirror  (mm)  is  reflected.  The  combined  waves 
continue  onto  the  detector.  In  the  absorption  mode  the  sample  cell  is 
placed  before  the  detector;  however,  In  the  emission  mode  of  interest  in 
some  experiments  the  sample  Is  the  source. 


Figure  1.  Michelson  Interferometer 


BS  *  beam  splitter,  selected  for  region  of  interest, 
fm  -  fixed  mirror 
mm  ■  moveable  mirror 

Fig.  1.  Diagram  of  an  interferometer 
The  mirror  movement  is  very  accurately  measured  by  a  laser  impinging 
upon  the  back  of  the  mirror.  Through  the  use  of  Moire  fringes  generated 
using  this  laser,  the  position,  x,  of  the  mirror  can  very  accurately  be 
recorded  and  simultaneously  the  intensity  of  radiation,  I(x),  falling  upon 
the  detector  is  measured. 


I 


The  Eourier  transform  provides  the  relationship  between  the  distance, 
x,  and  intensity  I(x)  measured  in  an  incerferogram  and  the  desired  spectral 
intensity  I(v)  at  frequency  v.  The  mathematical  equation  relating  I(v)  to  I(x)  is 

I(V>  -  fic*)  cos  2irxvdx  (1) 

—00 

The  resolution  capability  is  where  Ax  represent  the  path  difference  and 

2Ax  is  the  optical  retardation  of  radiation  striking  the  movable  mirror. 

FTS  has  several  advantages  over  dispersive  spectroscopy,  such  as  being 

able  to  preform  Atomic  Spectroscopy  and  Molecular  Spectroscopy  on  the  same 

4 

instrument,  as  we  propose  in  this  research.  Fellgett's  original  work  involved 

a  large  number  of  spectral  elements  impinging  upon  the  detector  -  hence, 

the  name  Fellgett's  advantage  from  this  multiplexing  of  frequencies.  The 

interferometric  signal,  S,  is  directly  proportional  to  the  observation  time, 

1/2 

T;  while  the  noise,  N  is  proportional  to  T  .  Thus,  the  signal  to  noise 

1/2 

ratio  is  proportional  to  T  .  For  comparison,  in  a  dispersive  instrument 

each  resolution  element,  M  is  observed  sequentially  for  an  average  time  T/M. 

1/2 

Thus,  the  noise  is  proportional  to  (T/M)  and  the  signal-to-noise  ratio 
1/2  1/9 

to  (T/M)  .  Thus,  an  advantage  of  (M)  “  is  realized  for  the  application 

of  interferometry  over  the  dispersion  instrument  operated  at  an  equivalent 
signal-to-noise  ratio.  This  is  quite  an  advantage  since  routinely  M  *  3000 
in  dispersion  spectroscopy  compared  to  M  *  1  in  interferometry! 

Jacquinot's  advantage^  really  describes  the  great  throughput  ability 
of  the  interferometer  to  accept  a  large  cross-section  of  radiation.  The 

advantage  is  easily  realized  if  we  compare  the  50  mm  circular  aperature  of 

o 

the  interferometer,  note  there  are  no  slits,  to  the  0.1  mm"  slit  area  of 
a  dispersion  instrument  operating  at  1  cm  ^  resolution.  Comparing  these 
figures,  we  easily  see  the  throughput  advantage  of  at  least  1000  for  the 
interferometer  over  the  dispersion  instrument. 


Combining  Fellgett's  and  Jacquinot's  advantages  with  other  advantages, 

e.g.,  computer  techniques  of  curve  smoothing  and  averaging  spectra,  and  the 

laser  ability  to  very  accurately  measure  the  mirror  displacement,  the  resulting 

? 

advantage  of  interferometry  over  dispersive  spectroscopy  is  convervatively  10“ 
in  sensitivity  or  signal-to-noise.  It  is  this  advantage  that  we  wish  to  utilize 
for  our  studies. 

The  interferometer  we  used  in  this  work  to  obtain  has  a  spectral  range  from 
10,000  to  10  cm  with  at  least  0.001  cm  ^  precision  in  frequency  and  to  0.10  cm  ^ 
resolution,  depending  on  the  beam  splitter,  detectors  and  source  we  choose. 


References 


1.  A.  A.  Michelson,  Phil.  Mag.  Ser.  5,  31,  256  (1891);  A.  A.  Michelson, 

Phil.  Mag.  Ser.  5,  34,  280  (1892);  A.  A.  Michelson,  Light  Waves  and 
Their  Uses.  University  of  Chicago  Press,  Chicago  1902.  (reprinted, 

Pheonix  Science  Series,  University  of  Chicago,  Press,  1962). 

2.  P.  R.  Griffiths,  Chemical  Infrared  Fourier  Transform  Spectroscopy ,  Wiley, 
New  York,  1975. 

3.  R.  J.  Bell,  Introductory  Fourier  Transform  Spectroscopy,  Academic  Press, 
New  York,  1972. 

4.  P.  B.  Fellgett,  J.  Phys.  Radium,  19 ,  187,  237  (1958);  P.  Fellgett,  Aspen 
Int.  Conf.  on  Fourier  Soect. ,  1970  (G.  A.  Vanasse,  A.  T.  Stair,  and 

D.  J.  Baker,  Eds.),  AFCRL-71-0019  p.  139. 

5.  P.  Jacquinot,  17e  Congres  du  GMAS ,  Paris,  1954;  P.  Jacquinot,  J.  Op.  Soc. 
to^.44,  761  (1959). 


II.  A  description  of  Time  Resolved  Spectroscopv 


The  basic  procedures  of  Fourier  Transform  Infrared  Time  Resolved 
Spectroscopy  (TRS)  have  been  described  previously  by  R.E.  Murphy,^- 
2  3 

A.  Mantz,^  and  q.  Mamantov.  In  this  section  we  have  chosen 
present  only  a  brief  overview  of  this  technique. 

Time  resolved  spectroscopy  appears  to  be  a  potentially  useful  method 
for  study  of  transient  intermediates  and  product  buildup  for  time  dependent 
systems.  The  TRS  technique  involves  the  coordination  of  reaction  stimulation, 
e.g.,  pulsed  laser  excitation  of  gases  or  stretching  and  relaxation  in  polymers, 
and  the  recording  of  the  interf erogram  at  some  unit  time  after  stimulation. 

In  the  cases  of  gases,  for  versatility  the  reaction  vessel  is  designed  to 
allow  either  emission  or  absorption  studies.  Time  resolved  spectroscopv  pro¬ 
vides  a  very  attractive  means  for  the  elucidation  of  the  structure  of  reaction 
intermediates  and  products  because  this  technique  provides  sufficient  data  for 
examination  of  the  band  shapes  of  materials  and  deduction  of  the  energy  dis¬ 
tributions  within  the  molecules  for  successive  times  during  reaction. 

The  fundamental  difference  between  TRS  and  normal  FTIR  spectroscopy 
is  the  source  characteristics.  In  TRS  the  source  has  been  made  time 
dependent  rather  than  time  independent  as  required  for  conventional  FTIR 
spectroscopy.  Thus  in  either  emission  mode  or  absorption  mode,  the  source 
intensity  has  the  time  dependence  of  the  spectrum  of  the  species  created  bv 
the  stimulation.  Figure  1  illustrates  a  possible  energy  buildup  in  a 
gaseous  molecule  system  after  laser  stimulation. 


file,  I(x) ,  composed  of  each  mirror  position  at  the  time  t^  after  stimulation. 

At  the  completion  of  the  experiment  the  file  will  contain  the  total  interfero- 
gram  at  time,  t^.  This  file  can  be  collected  by  the  coordination  of  the 
mirror  positions  to  a  time  -  say  t^  -  after  the  stimulation;  here  the  He-Ne 
laser  of  the  interferometer  is  used  as  a  clock.  The  clock  counts  the  number 
of  zero  crossings  and  after  the  correct  number  of  crossings  has  occurred,  the 
source  is  stimulated  by  a  pulse  sent  from  the  controlling  computer.  The 
same  clock  is  used  to  open  the  detector  gate  when  the  number  of  crossings  is 
equal  co  time  interval  N  which  will  be  five  for  our  example.  After  collection 
of  these  points  in  the  inter ferogram,  the  laser  flash  start  is  shifted  one 
zero  crossing  to  the  right  and  the  above  process  is  repeated  until  an  intensity 
sample,  I(x),  is  obtained  for  each  mirror  position,  x.  This  is  illustrated 
in  Fig.  2. 

Since  TRS  is  most  useful  for  kinetic  studies  it  would  be  advantageous  to 
collect  data  for  several  time  intervals  after  the  stinulaticfh  event.  This 
can  be  done  by  performing  several  of  the  above  experiments;  however,  a  more 
efficient  method  is  available.  Every  zero  crossing  after  the  stimulation 
event  represents  a  time  related  position  where  it  is  possible  to  open  up  the 
detector  gate  and  record  the  intensity  at  some  time,  t.T,  where  N  is  the 
number  of  zero  crossings  after  the  stimulation  event.  With  adequate  storage 
capabilities,  this  can  be  done  for  as  many  times,  r^,  as  there  are  zero 
crossings  between  stimulation  events.  The  final  problem  which  remains  when 
one  uses  TRS  is  the  manipulation  of  the  accumulated  data  into  separate  files 
for  each  t  .  The  I(x)  values  for  all  x  at  each  of  the  times  t.T  must  be 
separated  from  those  of  the  other  tines,  t  ;  and  finally  placed  in  order  according 
to  x  value  or  increasing  optical  retardation  in  the  file  for  each  t.T.  The 
computer  software  to  do  this  is  available;  however,  it  can  severely  tax  the 
memory  and  storage  capacity  of  some  laboratory  computers. 


Once  enough  data  has  been  collected  to  adequately  describe  the  interierogram 
of  the  transient  species,  i.e.,  enough  points  to  satisfy  resolution  and  wavelength 


range  requirements,  the  Fourier  transform  of  the  points  can  be  taken  using  the 
equation 

S(v»)  ■  2  I(x  )  c°s  2tv  xdx  (1) 

O  N 

where  x  is  the  mirror  displacement.  The  Fourier  transform  now  provides  the  infra¬ 
red  spectrum  of  the  reactive  system  at  t^  after  stimulation. 

At  this  point  it  would  appear  that  the  goal  has  been  reached  but  Mamantov 
3 

et  al.,  have  pointed  out  some  serious  practical  limitations.  They  have  shown 
that  the  interpretation  of  the  data  from  a  TRS  experiment  is,  unfortunately,  not 
as  straightforward  as  it  would  appear.  The  problems  occur  when  the  theory  makes 
certain  assumptions  which  are  not  true  in  practice.  The  most  obvious  of  these 
assumptions  is  that  the  source  is  exactly  reproducible.  In  the  conventional 
FTIR  experiment  that  isn't  a  bad  assumption,  but  the  close  timing  that  makes  the 
TRS  experiment  possible  places  abnormally,  high  reproducibility  and  accuracy 
limits  on  the  source. 

One  of  the  first  problems  with  the  source  is  its  stimulation  interval.  The 
flash  stimulation  interval  chosen  must  consider  the  reacting  compounds  since 
their  products  are  the  true  source  of  radiation  for  operating  the  interferometer. 
The  stimulation  interval  must  be  long  enough  for  one  of  two  things  to  happen. 

First,  the  stimulation  interval  must  be  long  enough  so  that  the  excited  species 
relax  back  to  the  Initial  reactants  or  long  enough  so  that  they  are  swept  out 
of  the  optical  path  by  a  flow  system,  i.e.,  the  same  flow  system  which  introduces 
the  reactants,  before  the  next  stimulation  occurs.  If  this  is  not  done,  the 
interferometer  will  detect  the  remnants  of  this  previous  stimulation  along  with  the 
products  from  the  next  stimulation.  The  results  of  TRS  analysis  and  spectral 
interpretation  of  this  mixture  from  different  stimulations  can  be  disastrous,  see 


Ref.  3.  If  such  a  mixture  does  occur,  it  is  very  difficult  to  interpret 
the  spectra  obtained. 

A  second  problem  involving  the  source  is  in  the  timing  of  the  stimulation 
pulses.  The  laser  pulse  must  be  stable  enough  that  it  will  flash  at  the  same  time 
after  the  trigger  pulse,  with  the  same  duration,  and  with  the  same  intensity. 

If  the  stimulation  interval  is  not  constant,  the  entire  timing  scheme 
collapses  and  the  results  are  useless.  In  the  TRS  experiment  the  detector  gate 
will  still  open  at  the  same  time  period  after  the  trigger  pulse  (400  usee  is 
a  reasonable  time  after  trigger)  and  the  computer  will  make  no  compensation  nor 
does  it  have  any  way  to  correct  the  signal  for  the  change  with  respect  to  the 
stimulation  event  in  the  time  period  when  the  detector  gate  is  open.  The  net 
effect  is  a  broadening  of  the  time  period  represented  from  400  usee  to  400  usee 
plus  the  detector  gate  to  400  usee  to  400  usee  plus  the  pulse  accuracy. 

Another  problem  occurs  when  the  duration  of  the  stimulation  is  variable, 
for  the  distribution  curve  of  the  species  in  their  excited  states  will  change. 

The  same  thing  happens  when  the  source  intensity  is  variable,  although  the 
distribution  curve  will  probably  look  different  than  from  the  one  for  stimulation 
duration.  The  net  effect  of  both  is  the  same.  The  light  source  appears 
variable  to  the  interferometer  which  is  exactly  the  reason  we  cannot  run  a 
normal  TRS  study  of  a  time  dependent  system.  The  distortion  in  the  spectrum  from 
the  changing  intensity  has  been  documented  by  Mamantov  et  al..  Ref.  3  for  systems 
of  changing  concentration.  The  distortion  causes  false  absorption  and/or 
emission  peaks  in  the  transformed  spectrum.  This  phenomenon  is  always  observed 
in  systems  which  have  changing  intensity  or  flash  stimulation  duration  variation. 

A  final  problem  lies  in  the  physical  design  of  the  opcical  path.  Simply 
because  the  detector  gate  is  opened  at  some  time  after  the  stimulation,  there 
is  no  assurance  that  the  resulting  data  i3  from  that  stimulation  interval  only. 


For  example,  if  the  reaction  occurs  in  a  flowing  system  as  we  propose  here, 
it  is  very  probable  that  the  species  representing  the  time  period  of  interest 
has  been  swept  down  the  tube  and  out  of  the  optical  path.  Of  course,  this 
can  be  easily  corrected  by  placing  the  observation  point  at  the  correct  distance 
from  the  stimulation  device.  This  correction  applies  only  to  some  distinct 
time  period,  t^,  as  determined  by  the  flow  rate.  Thus  any  other  information 
about  another  time  period,  t  ^  ,  will  be  inaccurate.  In  other  words,  all  advantages 
from  being  able  to  monitor  several  different  time  periods  are  lost. 

Additional  complications  are  introduced  by  the  interferometer  if  it  is 
unstable.  Much  of  the  instability  can  be  removed  by  the  application  of  isothermal 
conditions  within  all  components  in  the  optical  path. 

In  summary  TRS  has  some  possible  pitfalls,  some  we  now  know  while  others 
lie  ahead.  But  most  important,  the  field  of  TRS  holds  a  significant  potential 
for  the  understanding  of  transient  intermediates.  We  are  most  encouraged 
by  the  experiment  we  have  concluded  with  TRS  which  were  supported  by  AFOSR  and 
wish  to  apply  this  technique  to  further  studies. 

Further  we  have  been  studying  polymer  films  undergoing  stretching  and  re¬ 
laxation.  The  result  from  these  studies  are  very  encouraging  and  are  reported 
in  section  IV.  We  feel  TRS  is  now  a  reality  and  much  new  structural  information 
will  be  won  from  studies  on  nonequilibrium  systems. 


above 


Continuation  of  Caption  for  Fig.  2 

A.  is  a  plot  of  zero  crossings  by  the  He-Ne  laser  showing  intensity 
as  a  function  of  optical  retardation  and  time. 

B.  is  a  plot  of  two  complete  and  one  fractional  stimulation  intervals 
and  the  resulting  source  intensity  as  a  function  of  optical 
retardation  and  time  with  time  numbered  with  1  corresponding  to 
the  start  of  a  new  stimulation  interval. 

C.  is  a  plot  of  one  fractional,  two  complete  and  one  fractional  stimulation 
interval  and  the  resulting  source  Intensity  as  a  function  of  optical 
retardation  and  time  with  time  numbered  with  1  corresponding  to 

the  stare  of  a  new  stimulation  interval. 

Note  Che  optical  retardation  scale  is  the  same  in  both  B  and  C  but  the 
stimulation  incerval  is  moved  one  zero  crossing  or  628  nm  of  optical 
retardation  to  tha  right  along  the  optical  retardation  scale.  Thus 
the  N«5  file  (5  zero  crossings  after  the  start  of  a  new  stimulation 
interval)  is  moved  from  the  optical  recardacion  position  corresponding 
to  5  in  A  for  experiment  B  to  the  optical  retardation  position  corres¬ 
ponding  to  6  in  A  for  experiment  C. 
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III.  Some  Optimizing  Conditions  for  Time  Resolved  Spectroscopy 
The  instrumental  parameters  necessary  to  collect  high  quality  infrared 
spectra  by  Fourier  transform  interferometry  have  been  adequately  described  in 
the  recent  literature;  however,  many  of  the  operational  parameters  necessary 
for  time  resolved  studies  have  not  been  reported.*  Relationships  are  discussed 
here  between  number  of  data  points,  undersampling  ratio,  resolution,  spectral 
region  limits,  data  files  needed,  and  flash  periods,  or  in  the  case  of  polymers, 
stretching  periods.  The  necessary  equations  relating  instrument  parameters  which 
must  be  optimized  to  obtain  good  spectra  are  presented. 

First,  in  the  description  of  time  resolved  spectroscopy  (TRS)  trading  rules 
and  their  maximization,  it  is  necessary  to  describe  certain  terms.  These  ab¬ 
breviations  may  differ  for  various  instruments;  however,  the  definition  of  the 
terms  will  remain  the  same.  For  example  RES  means  resolution  for  most  com¬ 
mercial  instruments.  The  following  terms  were  used  in  our  past  experiments. 

Terms 

NPT  -  number  of  data  points 

UDR  -  undersampling  ratio;  1,2, 3... etc. 

RES  -  resolution,  cm  * 

RNG  -  free  spectral  range 

NTD  *--number  of  files  to  do 

FPD  -  stimulation  period 

SEP  -  time  separation  of  interferogram 

FFI  -  stimulation  increment 


"Trading  Rules" 

The  fundamental  difference  between  TRS  and  normal  FTIR  is  the  time  dependence 
of  the  intensity  in  addition  to  the  normal  frequency  dependence  of 
intensity.  To  change  a  time  dependent  source  into  a  time  independent  source 
Che  technique  of  strobing  is  used.  In  fact  a  more  proper  name  of  this 
technique  would  be  Stroboscopic  Interferometry.  The  interferometer’s  detector 
is  strobed  allowing  only  the  light  of  one  particular  time  t  for  a  specific 
width  in  time  to  reach  the  detector.  This  make  the  source  appear  quasi  time 
independent  and  allows  the  FTIR  collection  to  proceed  normally. 

If  t^  and  the  time  width  were  the  only  experimental  parameters  necessary 
for  the  TRS  experiments,  experimentation  would  be  very  simple.  However,  this 
is  only  the  initial  parameter  from  a  group  of  some  fairly  complex  instrumental 
conditions  which  must  be  described  for  successful  experiments.  In  addition 
to  the  instrumental  parameter,  the  chemistry  of  the  sample  can  play  an  important 
role  in  the  choice  of  experimental  parameters- 

The  initial  interest  for  setting  the  instrumental  parameters  is  directed 
to  the  chemical  system  to  determine  the  reaction  period  which  will  capture 
important  portions  of  the  chemical  reaction  immediately  following  laser  or 
ultraviolet  stimulation.  We  note  at  this  point  that  similar  consideration  is 
given  to  the  frequency  of  stretching  certain  polymer  films  and  the  situation 
is  analogous.  The  reaction  period  is  not  the  rate  at  which  the  excitation 
source  (e.g.  pulsed  laser,  uv  lamp,  mechanical  deformation,  etc)  can  be  reproducibly 
cycled;  rather  reaction  period  is  the  time  which  it  takes  the  sample  to  be  dis- 
olaced  from  equilibrium  and  either  fully  recover  and  return  to  its  original  equilibrium 
condition;  or,  in  the  case  of  decomposition,  go  to  another  equilibrium  configura¬ 
tion.  If  the  sample  does  not  recover  from  excitation  (destructive  photolysis, 
the  breaking  of  polymers,  etc)  the  reaction  period  must  be  equal  to  the  time 


necessary  to  remove  the  old  sample  and  replace  it  with  an  identical  new  sample. 

2 

If  this  does  not  occur  the  technique  is  invalidated. 

While  at  this  point  it  seems  desirable  to  make  the  reaction  period  quite 

long  from  the  viewpoint  of  the  sample  other  experimental  parameters  require 

that  the  reaction  period  be  as  rapid  as  possible.  The  'number  of  files  to  do 

(NTD)  becomes  prohibitively  large  as  the  stimulation  period  becomes  longer.  Rule 

number  one  gives  the  exact  relation. 

FPD 

Rule  #1  NTD  =  £§7- 
FFI 

where  NTD  is  the  number  of  files  to  do 
FPD  is  the  reaction  period 
FFI  is  the  stimulation  increment 

The  problem  with  having  a  large  numer  of  files  to  do  (NTD)  is  basically 
a  data  problem.  As  the  number  grows  larger  not  only  are  there  more  files  to 
save,  requiring  more  disk  space,  but  there  are  also  more  files  to  sort  through 
when  the  computer  is  creating  the  time  resolved  files.  The  time  required  for 
this  sort  is  relatively  short  (on  the  order  of  minutes)  for  small  numbers  to  do 
(NTD)  like  8  or  10,  but  it  reaches  several  hours  for  100  files  and  it  essentially 
takes  days  for  larger  numbers. 

One  last  reaction  period  consideration  is  the  total  time  required  for  the 
experiment.'  As  the  reaction  period  becomes  longer,  naturally  more  time  is  used 
not  only  in  collecting  the  files,  but  also  for  switching  between  the  files.  All 
of  this  adds  up  to  more  chemical  reagents  necessary  to  flow  through  the  system. 
This  can  become  very  expensive.  Another  consideration  is  that  the  longer  the 
experiment  runs,  the  more  likely  that  the  source  stability  or  interferometer 
stability  will  degrade  leading  to  non-reproducible  results  and  invalidating  the 
TRS  technique. 
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The  next  difficult  choice  for  the  instrumental  parameters  would  be  the 

proper  undersampling  ratio  (UDR).  The  spectral  folding  properties  of  the  under- 

2 

sampling  ratio  are  well  known.  This  relationship  is  shown  by  Rule  ;>2. 

Rule  ,2  r.nc  . 


where  RNG  is  the  free  spectral  region  and  15800.3  cm  ^  is  the  Ne 
reference  laser  in  air.  UDR^  is  the  undersampling  ratio 
initially 

Due  to  this  effect  most  normal  FTIR  experiments  are  done  at  UDR=2.  One  finds 
in  the  time  resolved  experiment  there  is  much  more  importance  attached  to  the 
UDR  value. 

For  example  the  UDR  determines  the  time  separation  for  each  of  the  files. 
Here  one  finds  it  is  important  to  minimize  the  value  of  UDR.  Rule  number  three 
demonstrates  this  effect. 

Rule  #3  SEP  -  UDR].  x  lOOvs 

where  SEP  is  the  time  separation  of  interferogram  and  lOOus  is  the 
time  separating  the  Reference  laser  fringes 
Directly  competing  with  rule  number  three  is  the  effect  the  undersampling  ratio, 
UDR,  has  on  the  total  number  of  data  points  (NPT)  as  shown  in  rule  number  4. 


Rule  it  4  NPT 


2  x  15800.8 
(UDR  ) (RES) 


where  NPT  is  the  number  of  data  points 

UDRj  is  the  undersampling  ratio  initially 
RES  is  the  resolution 

The  total  number  of  points  represents  the  number  of  times  the  transient  effect 
is  repeated.  There  are  several  reasons  that  make  it  desirable  to  minimize 


this  number;  and,  hence,  maximize  the  UDR.  The  most  obvious  reason  is  chat  if 
the  sample  can  only  undergo  a  set  number  of  excitations  before  being  degraded. 
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that  number  cannot  be  exceeded  and  should  not  even  be  closely  approached.  A 
related  factor  which  must  be  considered  is  the  coaddition  advantage  when  one 
wishes  to  achieve  a  higher  signal  to  noise.  For  every  /2  increase  in  the 
signal  to  noise  the  number  of  points  taken  doubles.  This  can  very  rapidly 
place  sample  perturbations  in  the  thousands  to  hundred  thousands.  The  time 
necessary  to  perform  the  experiment  becomes  very  important  in  this  consideration. 

If  these  were  the  only  two  competing  UDR  effects  the  choice  would  be  fairly 
simple,  but  the  UDR  also  controls  the  free  spectra  range.  Not  only  is  the 
spectra  range  limited  to  that  shown  in  Rule  ifl,  but  the  frequency  of  the 
initial  and  final  points  are  also  fixed  by  the  relationship  which  modifies 
Rule  2. 


Rule  if  2a 

15800  8 

Frequency  of  the  first  point  =  — — —  x  2N 


UDR 


Rule  if  2b 


Frequency  of  the  last  point  »  x  (2N  +  1) 

where  N  is  any  integer.  This  results  in  some  desired  spectral  ranges  becoming 
ursable  since  they  fold  in  the  data  over  the  end  points. 

One  final  complication  is  the  value  for  the  stimulation  increment,  FFI,  or  in 
other  words  the  offset  staggering  of  the  strobes  to  the  mirror  positions.  On 


the  Digilab  instrument,  FFI  is  equal  to  the  UDR  which  sometimes  places  an 
additional  strain  on  experimental  parameters.  The  stimulation  increment  does  not 
theoretically  have  to  be  equal  to  the  initial  undersampling  ratio,  but  it  must 
be  equal  to  the  final  undersampling  ratio,  UDR,  of  the  sorted  time  files  as 
shown  by  Rule  number  5. 

Rule  if  5 


UDRp  -  FFI 

where  UDR^,  is  the  final  undersampling  ratio 


If  FFI  is  independent  of  UDR^,  then  there  is  a  simple  tradeoff  between  the  spectral 
folding  and  the  number  to  do,  NTD,  as  shown  in  rules  number  one  and  five.  When 
FFI  -  UDR^  all  of  the  rules  given  depend  upon  the  UDR  chosen. 

With  all  of  the  prejudices  being  placed  upon  the  values  of  the  same  experi¬ 
mental  parameters  it  is  important  to  resolve  the  problem  of  experimental  conditions 
in  a  common  sense  manner.  The  following  choices  must  be  made  and  the  logic  for 
each  decision  is  discussed  in  terms  of  gains  and  losses. 

The  first  choice  must  be  the  chemical  system  to  be  observed.  While  this 
is  generally  dictated  by  the  research  program,  the  experimentalist  should  keep 
in  mind  that  the  more  reproducible  the  effect  the  fewer  sample  perturbations 
will  be  required  to  give  spectra  without  strobiscopic  aliasing  of  spectra. 

The  experiments  should  be  in  a  realistic  time  frame  with  the  expected  output  data. 

Time  separations  of  lOOus  are  fairly  easily  obtained,  but  data  faster  than  that 
is  difficult  to  do  and  requires  the  researcher  to  place  extraordinary  attention 
on  reproducibilities  and  the  large  amount  of  signal  averaging.  Resolution  is 
related  to  several  variable  parameters  and  can  be  any  value  desired;  however, 
systems  with  low  resolutions  provide  the  best  time  periods  for  the  experiment. 

The  same  argument  goes  for  the  free  spectral  region  one  wishes  to  study.  Reaction 
systems  with  smaller  spectral  ranges  will  yield  better  results  and  reflect 
smaller  and  more  identifiable  noise. 
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IV.  Some  Preliminarv  Time  Resolved  Results 


To  elucidate  the  changes  in  molecular  structure  of  polypropylene  film 
during  stretching  and  relaxation,  we  chose  to  use  Time  Resolved  Fourier 
Transform  Infrared  Spectroscopy.  The  films  were  stretched  and  relaxed  at 
10  hertz  cycles  in  the  direction  parallel  to  the  C-axis  of  the  polypropylene 
helix.*  The  percentage  stretches  were  approximately  5%.  To  interrogate 
the  nonequilibrium  molecular  structure,  the  infrared  spectrum  was  collected 
over  a  10  microsecond  time  interval  every  10  milliseconds.  The  results  are 
shown  in  Figures  la,  lb,  2a,  2b,  3a  and  3b.  The  spectra  indicate  some  vi¬ 
brational  frequencies  change  only  in  intensity  while  other  vibrations  change 
in  frequency  and  intensity. 

There  is  no  apparent  frequency  shifts  in  the  spectra  shown  in  Figures  la, 
lb,  2a  and  2b  because  these  vibrations  represent  local  modes  in  polypropylene 
which  one  would  expect  not  to  be  sensitive  to  elongation.  However,  there 
are  intensity  changes  in  those  absorptions  (see  Figures  la  and  lb),  which 
represent  molecular  modes  which  are  sensitive  to  changes  in  crystallinity 
in  polypropylene.  The  main  spectral  frequency  change  comes  from  the  CH,,  groups 
which  form  the  helix.  .These  frequencies  both  shift  and  change  intensity, 
note  especially  Figures  3a  and  3b.  The  following  cov elusions  could  be  reached: 

a)  There  are  vibrational  frequencies  originating  from  local  modes 
which  are  unaffected  by  stresses  which  change  the  helix's  dimensions. 

b)  Those  vibrations  of  CH^  groups  in  the  helix  demonstrate  non¬ 
equilibrium  structural  changes  in  the  microsecond  time  scale. 

c)  Some  intensity  changes  can  be  interpreted  as  increases  or  decreases 
in  crystallinity. 

*The  polypropylene  films  and  x-ray  characterizacins  were  provided  by 
Dr.  John  Rabolt,  IMB,  San  Jose,  California. 


In  this  experiment  the  DigilabTModel  296  interferometer  was  used.  The 
TRS  unit  provided  by  Digila&“Tias  undergone  numerous  electronic  modifications 
which  were  necessary  for  satisfactory  experimentation  operation.  A  globar  in¬ 
frared  source,  typical  of  those  used  so  successfully  by  Perkin  Elmer  Instru¬ 
ment  for  twenty  years,  was  placed  so  as  to  illuminate  the  polymer  film.  The 
polymer  film  was  stretched  by  a  modified  solenoid  taken  from  an  automobile 
starter.  The  stretching-relaxation,  which  is  approximately  10  hertz,  is 
controlled  by  the  time  clock  of  the  interferometer.  The  infrared  spectra 
are  collected  for  10  microseconds  before  stretching  begins,  then  the  structure 
is  interrogated  for  10  microseconds  at  periods  of  10  milliseconds,  20  milli¬ 
seconds  during  stretching  and  30  milliseconds  and  40  milliseconds  during 
relaxation.  The  complete  experimental  details  of  the  application  of  time 
resolved  spectrscopy  is  the  subject  of  a  paper  which  is  now  in  preparation. 

A  mercury-cadmium- telluride  detector  was  used  with  a  CaF^  beam  splitter. 

A  summary  of  this  study  and  the  time  periods  involved  is  given  in  Table  1. 

The  3000  cm  1  region  was  investigated  but  the  polymer  films  were  too 
opaque  in  this  region.  Now  new  films  have  arrived  which  are  thin  enough  to 
allow  observation  in  the  3000  cm  ^  carbon-hydrogen  stretching  region.  The 
region  below  1300  cm  ^  was  inaccessible  because  of  the  CaF^  beam  splitter 
used  in  this  experiment.*  Future  experiments  will  employ  KBr  beam  splitters 
and  different  optical  filters. 


*The  instrument  is  shared  with  Professor  Setser  and  his  work  demands  this 


beam  splitter  region. 


Table  1 


The  time  periods  and  spectral  range  used  in  this  experiment 
A.  Stretching  Cycle 


Time  Period* 

Region,  cm  ^ 

Figure 

0 

1500-1400 

la, 

curve 

#1 

1400-1300 

2a, 

curve 

n 

1325-1275 

3a, 

curve 

#1 

10  ms 

1500-1400 

la. 

curve 

n 

1400-1300 

2a, 

curve 

it  2 

1325-1275 

3a, 

curve 

it  2 

20  ms 

1500-1400 

la, 

curve 

it  3 

1400-1300 

2a, 

curve 

it  3 

1325-1275 

3a, 

curve 

it  3 

Relaxation  Cycle 

30  ms 

1500-1400 

lb, 

curve 

#4 

1400-1300 

2b, 

curve 

H 

1325-1275 

3b, 

curve 

itu 

40  ms 

1500-1400 

lb, 

curve 

it  5 

1400-1300 

2b, 

curve 

it  5 

1325-1275 

3b, 

curve 

It5 

*Time  period  measured  from  the  initiation  of  the  stretching 


Figure  Captions 


Figure  la.  Infrared  spectrum  from  1500  to  1400  cm  ^  of  polypropylene  film 

during  stretching.  Curve  No.  1  is  the  10  microsec  spectrum  taken 
before  stretching.  Curve  No.  2  is  the  10  microsec  spectrum  at  10 
millisec  after  film  stretching  began.  Curve  No.  3  is  the  10 
microsec  spectrum  at  20  millisec  after  stretching  began.  The 
stretching  frequency  is  approximately  10  hertz. 


Figure  lb. 


Figure  2a. 


Figure  2b. 


Figure  3a. 


Figure  3b. 


The  infrared  spectrum  from  1500  to  1400  cm  ^  of  polypropylene 
film  during  relaxation.  No.  3  is  a  repeat  of  the  same  spectrum 
as  shown  in  Fig.  lb.  Curve  No.  4  is  taken  during  film  relaxation 
approximately  at  30  millisec  after  the  initiation  of  stretching. 

Curve  No.  5  is  again  during  relaxation  approximately  at  40  millisec 
after  the  initiation  of  stretching. 

The  infrared  spectrum  from  14 00  to  1300  cm  1  of  polypropylene  film 
during  stretching.  Time  periods  for  curves  1,  2  and  3  are  defined 
in  Figure  la. 

The  infrared  spectrum  from  1400  to  1300  cm  ^  of  polypropylene  film 
during  relaxation.  Time  .period  for  curves  3,  4  and  5  are  defined 
in  Figure  lb. 

The  infrared  spectrum  for  1325  to  1275  cm  ^  of  polypropylene  film  during 
stretching.  The  presentation  has  been  expanded  to  better  evaluate 
the  spectra'.  Time  periods  of  curves  1,  2  and  3  are  defined  in 
Figure  la. 
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The  infrared  spectrum  from  1325  to  1275  cm  *  of  polypropylene  film 
during  relaxation.  The  scale  is  the  same  as  in  Figure  3a.  Time 
period  of  3,  4  and  5  are  defined  in  Figure  lb. 


In  summary,  ic  is  apparent  that  we  are  observing  the  infrared  spectrum 
of  the  polymer  under  non-equilibrium  condition  of  stretching  and  relaxation. 
Further  studies  of  polyethylene ,  and  polvtetraf luoroethylene  show  similar  spectral 
effects.  Additional  research  is  needed  to  elucidate  the  polymer  structure 
at  nonequilibrium  condition.  The  most  important  study  has  not  yet  been 
performed.  We  wish  to  stretch-relax  the  polymer  films  until  failure  of  the 
polymer  film  occurs,  i.e.,  the  polymer  film  breaks.  We  will  then  analyze 
the  spectra  of  the  polymer  during  stress  past  prior  failure  in  an  effort  to 
identify  what  molecular  changes  occur.  We  feel  this  information  will  be 
very  important  in  understanding  polymer  structural  failure. 
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In  Preparation: 

Due  to  the  large  amount  of  descriptions,  discussion  and  data,  we  have  chosen 
to  publish  the  results  from  TRS  in  a  chapter  now  under  preparation.  The  Editor, 
Professor  J.  R.  Durig,  has  scheduled  this  chapter  to  be  published  in  the  summer  of 

1981. 

B.  Seminars  and  Talks 

Invited  Lectures  on  TRS  by  R.  M.  Hammaker  and  W.  G.  Fatelev 
Foreign  invitations  to  lecture  on  this  subject 

1.  England 

2.  Germany 

3.  France 

4.  Italy 

Future  Lectures,  Fall  1981 

1.  Japan 

2.  Korea 
United  States 

1.  St.  Louis,  SAS  and  ACS 

2.  Pittsburgh,  JSP 

3.  Union  Carbide,  South  Charlestown,  W.  VA 

4.  Oklahoma  State 

5.  Pittsburgh  Conference 

6.  MASUA  Speaker 


7.  NBS 


VI.  Summary 


Although  this  report  represents  a  period  of  one  year  it  actually  summarizes 
the  total  period  of  research  sponsored  by  the  Air  Force,  Office  of  Scientific 
Research.  This  grant  provided  support  to  (1)  develope  time  resolved  infrared 
interferometry,  and  (2)  demonstrate  the  use  of  time  resolved  spectroscopy  on 
chemical  systems.  Both  of  these  goals  have  been  accomplished. 

The  research  reported  herein  demonstrates  the  excellent  application  of  time 
resolved  spectroscopy  to  dynamic  conditions  in  polymers.  Certainly  the  next 
extension  of  this  research  will  be  to  the  structure  of  polymers  just  prior  to 
polymer  failure.  We  feel  this  technique  will  be  a  very  excellent  diagnostic 
tool  to  the  better  understanding  of  polymer  failure  under  stress. 

We  greatly  appreciate  the  Air  Force,  Office  of  Scientific  Research's  support 
and  the  tremendous  help,  cooperation,  encouragement,  and  understanding  of  Mr. 
Denton  Elliot  during  this  research  period. 
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Chapter^ 

A.  Time  Resolved  Spectroscopy* 

D.  E.  Honigs,  R.  M.  hamnaker  and  W.  G.  Fateley 

Department  of  Chemistry 
Kansas  State  University 
Manhattan,  Kansas  66506 

The  basic  procedures  of  Fourier  Transform  Infrared  Time  Resolved  Spectro- 

1  2 

scopy  (TRS)  have  been  described  previously  by  R.  E.  Murphy,  A.  Mantz,""  and  G. 

3 

Mamantov.  In  this  chapter  we  have  chosen  to  present  only  a  brief  overview 
of  this  technique. 

Time  resolved  spectroscopy  appears  to  be  a  potentially  useful  method  for 
study  of  intermediates  and  products  of  gas  phase  reactions.  The  TRS  technique 
involves  the  coordination  of  reaction  stimulation,  e.g.  pulsed  flash  photolyses, 
laser  excitation,  or  some  other  periodic  reaction  initiating  techniques,  and 
the  recording  of  the  interf erogram  at  some  unit  time  after  stimulation.  For 
versatility  the  reaction  vessel  may  be  designed  to  allow  either  emission  or 
absorption  studies.  Time  resolved  spectroscopy  provides  a  very  attractive  means 
for  the  elucidation  of  the  structure  of  reaction  intermediates  and  products 
because  this  technique  may  provide  sufficient  data  for  examination  of  the  band 
shapes  of  materials  and  deduction  of  the  energy  distributions  within  the  molecules. 

The  fundamental  difference  between  TRS  and  normal  FTIR  spectroscopy  is  the 
source  characteristics.  The  source  in  this  discussion  may  be  the  emission  spectrum 
from  the  species  created  by  the  stimulation  or  a  time  independent  source  modulated 
by  the  absorption  spectrum  of  the  species  created  by  the  stimulation.  In  either 
case  the  source  has  been  made  time  dependent  rather  than  time  independent  as 
required  for  conventional  FTIR  spectroscopy .  Thus  in  either  emission  mode  or 
absorption  mode,  the  source  intensity  has  the  time  dependence  of  the  spectrum 
of  the  species  created  by  the  stimulation. 


* 
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Fig.  1  illustrates  a  possible  energy  build  up  in  a  molecular  system  after 
stimulation.  One  assumption  is  that  the  intensity  at  any  time  t  after  the 
stimulation  is  always  reproducibly  measured.  To  obtain  an  interf erogran  using 
this  assumption  for  any  time  t^,  all  that  is  necessary  is  an  intensity  file, 

I(X),  composed  of  each  mirror  position  at  time  t  after  stimulation.  At  the 
completion  of  the  experiment  the  file  will  contain  the  total  interf erogram  at 
time  tfj.  This  file  can  be  collected  by  the  coordination  of  the  mirror  positions 
to  a  time  -  say  t^  -  after  the  stimulation;  here  the  He-Ne  laser  of  the  inter¬ 
ferometer  is  used  as  a  clock.  The  clock  counts  the  number  of  zero  crossings 
and  after  the  correct  number  of  crossings  has  occurred,  the  source  is  stimulated 
by  a  pulse  sent  from  the  controlling  computer.  The  same  clock  is  used  to  open 
the  detector  gate  when  the  number  of  crossings  is  equal  to  time  interval  N  which 
will  be  five  for  our  example.  After  collection  of  these  points  in  the  interfer- 
ogram,  the  flash  start  is  shifted  one  zero  crossings  to  the  right  and  the  above 
process  is  repeated  until  an  intensity  sample,  I(X),  is  obtained  for  each  mirror 
position,  X.  This  is  illustrated  in  Fig.  2. 

Since  TRS  is  most  useful  for  kinetic  studies,  it  would  be  advantageous  to 
collect  data  for  several  time  intervals  after  the  stimulation  event.  This  can 
be  done  by  performing  several  of  the  above  experiments;  however,  a  more  efficient 
method  is  available.  Every  zero  crossing  after  the  stimulation  event  represents 
a  time  related  position  where  it  is  possible  to  open  up  the  detector  gate  and 
record  the  intensity  at  some  time,  t^,  where  N  is  the  number  of  zero  crossings  after 
the  stimulation  event.  With  adequate  storage  capabilities,  this  can  be  done  for 
as  many  times,  t^,  as  there  are  zero  crossings  between  stimulation  events.  The 
final  problem  which  remains  when  one  uses  TRS  is  the  manipulation  of  the  accumulated 
data  into  separate  files  for  each  t^.  The  I(X)  values  for  all  X  at  each  of  the 
times  t.^  must  be  separated  from  those  of  the  other  times,  t,.  ;  and  finally  placed 
in  order  according  to  X  value  or  increasing  optical  retardation  in  the  file  for  each 
t,j.  The  computer  software  to  do  this  is  available;  however,  it  can  severely  tax 


die  memory  and  storage  capacity  of  some  laboratory  computers. 

Once  enough  data  has  been  collected  to  adequately  describe  the  interf erogram 
of  the  transient  species  i.e.,  enough  points  to  satisfy  resolution  and  wavelength 
range  requirements,  the  Fourier  transform  of  the  points  can  be  taken  using  the 
equation 

S(v)  =2  J  I(X  )  cos  2tv  XdX 
y°  tN 

where  X  is  the  maximum  mirror  displacement 
The  Fourier  transform  now  provides  the  infrared  spectrum  of  the  reactive 
system  at  t  after  stimulation. 

At  this  point  it  would  appear  that  the  goal  has  been  reached  but  Mamantov 
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et  al.,  have  pointed  out  some  serious  practical  limitations.  They  have  shown 
that  the  interpretation  of  the  data  from  a  TRS  experiment  is,  unfortunately, 
not  as  straightforward  as  it  would  appear.  The  problems  occur  when  the  theory 
makes  certain  assumptions  which  are  not  true  in  practice.  The  most  obvious 
of  these  assumptions  is  that  the  source  is  exactly  reproducible.  In  the 
conventional  FTIR  experiment  this  isn’t  a  bad  assumption,  but  the  close  timing 
that  makes  the  TRS  experiment  possible  places  abnormally  high  reproducibility  and 
accuracy  limits  on  the  source. 

One  of  the  first  problems  with  the  source  is  its  stimulation  interval.  The 
flash  stimulation  interval  chosen  must  consider  the  reacting  compounds  since 
their  products  are  the  true  source  of  radiation  for  operating  the  interferometer. 
The  stimulation  interval  must  be  long  enough  for  one  and,  hopefully,  two  things 
to  happen.  First,  the  stimulation  interval  must  be  long  enough  so  that  the 
excited  species  are  swept  out  of  the  optical  path  by  a  flow  system  before  the 
next  stimulation  occurs.  If  this  is  not  done,  the  interferometer  will  detect 
the  remnants  of  this  previous  stimulation  along  with  the  products  from  the  next 
stimulation.  The  results  of  TRS  analysis  and  spectral  interpretation  of  this 
mixture  from  different  stimulations  can  be  disastrous,  see  ref.  3.  If  such  a 


mixture  does  occur,  it  is  not  possible  to  interpret  the  spectra  obtained. 


A  second  problem  involving  the  source  is  in  the  timing  of  the  stimulation 
pulses.  The  electrical  pulse  or  flash  device  must  be  stable  enough  that  it 
will  flash  at  the  same  time  after  the  trigger  pulse,  with  the  same  duration, 
and  with  the  same  intensity. 

If  the  stimulation  interval  is  not  constant,  the  entire  timing  scheme 
collapses  and  the  results  are  useless.  In  the  TRS  experiment  the  detector 
gate  will  still  open  at  the  sime  time  period  after  the  trigger  pulse  (400 
psec  is  a  reasonable  time  after  trigger)  and  the  computer  will  make  no 
compensation  nor  does  it  have  any  way  to  correct  the  signal  for  the  change 
with  respect  to  the  stimulation  event  in  the  time  period  when  the  detector 
gate  is  open.  The  net  effect  is  a  broadening  of  the  time  period  represented 
from  400  usee  to  400  usee  plus  the  detector  gate  to  400  usee  to  400  usee  plus 
the  pulse  accuracy. 

Another  problem  occurs  when  the  duration  of  the  stimulation  is  variable, 
for  the  distribution  curve  of  the  species  in  their  excited  states  will  change. 

The  same  thing  happens  when  the  source  intensity  is  variable,  although  the 
distribution  curve  will  probably  look  different  than  from  the  one  for  stimulation 
duration.  The  net  effect  of  both  is  the  same.  The  light  source  appears  variable 
to  the  interferometer  which  is  exactly  the  reason  we  cannot  run  a  normal  FTIR 
study  of  a  time  dependent  system.  The  distortion  in  the  spectrum  from  the 
changing  intensity  has  been  documented  by  Maraantov  e£  al  ref.  3  for  systems 
of  changing  concentration.  The  distortion  causes  false  absorption  and  emission 
peaks  to  be  plotted  so  the  spectrum  shows  both  absorption  and  emission  spectra 
components.  This  phenomenon  is  also  what  occurs  for  systems  of  changing  intensity 
or  flash  stimulation  duration. 

A  final  problem  lies  in  the  physical  design  of  the  optical  path.  Simply 
because  the  detector  gate  is  opened  at  some  time  after  the  stimulation,  there 
is  no  assurance  that  the  resulting  data  is  from  that  stimulation  interval  only. 


For  example,  if  the  reaction  occurs  in  a  flowing  system,  it  is  very  probable 
that  the  species  representing  the  time  period  of  interest  has  been  swept  down 
the  tube  and  out  of  the  optical  path.  Of  course,  this  can  be  easily  corrected 
by  placing  the  observation  pjint  at  the  correct  distance  from  the  stimulation 
device.  This  correction  applies  only  to  some  distinct  time  period,  t  ,  as 
determined  by  the  flow  rate.  Thus  any  other  information  about  another  time 


period,  t  ^  ,  will  be  inaccurate.  In  other  words,  all  advantages  from  being 
able  to  monitor  several  different  time  periods  are  lost. 


Additional  complications  are  introduced  by  the  interferometer  if  it  is 
unstable.  Much  of  the  instability  can  be  removed  by  the  application  of 


isothermal  conditions  within  all  components  in  the  optical  path. 


On  balance,  TRS  has  many  possible  pitfalls.  Some  have  been  located.  Even 


more  probably  lie  ahead.  The  field  of  TRS  holds  a  significant  potential,  but 
at  this  time  any  time  resolved  spectra  must  be  interpreted  with  the  utmost  caution 
and  skepticism. 


References 


1. 

2. 

3. 


R.  E.  Murphy,  F.  Cook,  and  H.  Sakai,  J.  Opt .  Soc.  Am. ,  65,  600  (2975). 
A.  W.  Mantz,  Appl .  Spectrosc. ,  30,  459  (1976). 

A.  A.  Garrison,  R.  A.  Crocombe,  and  G.  Mamantov,  and  J.  A.  de  Haseth, 
Appl.  Spectrosc . ,  July  -  Aug.  issue  1980. 


1 


:  < 


ee  files  N  =  i,  N  =  4,  N  =  S  being  c< 
ossings.  Collection  file  N  -  S  is  s 
or  positions  needed  liave  lieen  record 


Introduction 


Since  the  mid  1950's  many  papers  have  appeared  emphasizing  substantial 
advantages  of  interferometry  over  dispersive  spectroscopy.  Vhile  it  is 
generally  recognized  that  these  advantages  are  qualitatively  correct,  the  mag¬ 
nitudes  of  these  advantages  are  still  subject  to  great  debate. 

In  the  beginning  it  was  apparent  that  with  the  excitement  of  the  "new" 
form  of  spectroscopy,  the  rational  behind  many  of  these  arguments  was  clouded 
and  that  the  total  advantage  of  interferometry  might  not  be  as  great  as  first 
anticipated. 

In  this  chapter  we  wish  to  review  the  advantages  and  disadvantages  of  inte 
ferometrv  and  attempt  to  quantify  then  to  the  greatest  extent  possible. 

I.  Discussion 

Let  us  use  a  simple  optical  system  for  an  interferometer  with  an  infrared 
light  source  inclined  at  an  angle  9  with  respect  to  the  optical  axis  striking  a 
collimator  at  an  angle  y,  the  differential  throughput  may  be  written  as: 

dE  «  (cosQd^  )  (cosydA  )/r^  (1) 

s  c 

where:  dA  =  area  of  the  source 
s 

dA  =*  area  of  the  collimator 
c 

r  *  distance  between  source  and  collimator 


S 


The  solid  angle  subtended  by  the  source  can  be  written  as  follows: 


d£>  cosGdA  /r 
s 


1 


and  the  projected  area  can  be  expressed  as: 

dA=  cosydA  (3) 

c 

Therefore,  eq(l)  can  be  rewritten  as: 


dE  -  dftdA 
E  =  iAA 

Assuming  a  finite  source  size,  the  optical  path  difference  between 
arms  of  a  Michelson  interferometer  is 

A  = ( ( ^+cos^3  -1) (I4cos0) -2) f  +  (secS-l)L  +  2dcos3 


(4) 


(4’) 


the  two 


(5) 


where: 


f  =  focal  length  of  collimating  mirror 
L  *  distance  from  source  to  fixed  mirror 

d  *  distance  from  fixed  to  movable  mirror  (which  is  equal  to  the 
spatial  displacement). 


The  first  two  terms  in  eq.  (5)  are  of  different  sign  and  are  very  small  as 
compared  to  the  third  term.  Thus,  they  tend  to  cancel  in  most  cases  leaving  the 
approximation 

A-  2dcos0  (6) 

If  the  source  is  considered  to  be  a  point,  i.e.  2=0,  then  eq. (5)  des- 
scibing  the  optical  path  difference  between  the  two  arms  of  an  interferometer 
reduces  to 

Ap  *  2d  (7) 

It  is  this  deviation  of  A  from  Ap  which  leads  to  a  frequency  spread,  ref.  1, 

2  which  is 


A  7  ■  7  .1/2t 

max 

where  ~  *  the  highest  wavenumber  in  the  spectrum, 

max 


(3) 
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SubstituCing  eq.  (S)  into  eq.(4')  we  obtain  the  relation  for 


Michelson  Interferometer: 

=  2tA^  Av 

max 


the  throughput  of  a 

(9) 


where  »  area  of  collimating  mirror  in  the  Interferometer  Superscript  I  will 
designate  interferometry  and  D  will  indicate  dispersive  spectroscopy  in  our 
comparison. 

For  a  dispersive  spectrometer  the  solid  angle  may  be  written  as 

*  hw  (10) 

f2 

where:  h  a  slit  height 

w  ■  slit  width 

f  *  focal  length  of  collimator 


since: 


and 


w 


(d0)  — 
f 

(dv) 


m 


d(sini  +  Sin0) 


(ID 

(12) 


The  angular  dispersion  of  the  grating  becomes 

d0  -  . m  (13) 

dv  ^dcosG 

and  the  solid  angle  becomes 

cP  ■  hm  AvT  (14) 

fdcosO  T?" 

where  m  ■  order  of  the  grating 

d  *  the  distance  becween  the  lines  of  the  grating. 

Substituting  eq. (14)  and  eq. (3)  into  eq.(4')  we  obtain  for  the  throughput 
of  a  dispersive  spectrometer 


S 


0 


Av 

-2 

v 


(15) 
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A.  Jacqulnot  Advantage 

In  1954  Pierre  Jacquinoc  recognized  the  throughput  advantage  of  the 
interferometer  over  dispersive  instruments  and  the  ratio  E^/E^  is  now  usually  termed 
"Jacquinot's  advantage",  ref.  3,  4, 

Using  eq. (9)  and  eq. (5)  we  obtain  an  equation  for  Jacquinot's  advantage. 

ID  i  — o 

E  /Eu  =  27rfd  A  v“ 

- q  ”  (lo) 

hm  A  u 


max 

Substituting  approximate  values  for  the  constants  in  eq. (16)  one  obtains 

E1  -  0.075  72  (17) 

,-D  ' 

E  max 

It  should  be  noted  that  gratings  are  normally  changed  several  times  during 
a  complete  scan  of  Che  mid-IR  region  and  therefore  d  can  be  a  function  of  the 
frequencies,  as  d»d(v).  Since  Che  value  of  d  increases  stepwise  with  decreasing 
frequency  the  value  E*/  EDmay  be  thought  of  as  being  "slightly  less  than  quadratic" 
In  frequency.  * 

It  should  also  be  noted  that  Jacquinot ' s  advantage  is  a  measure  of  the  amount 
of  radiation  striking  Che  detector.  Thus,  this  advantage  is  most  important  when  the 

aaount  of  radiation  is  minimal,  e.g.  such  as  the  measurement  of  weak  emissions, 
or  at  high  resolution  interferometric  studies. 

3.  Fellgecc's  Advantage 

If  one  measures  a  spectrum  of  width  6v  at  a  resolution  Av  the  number  of 
spectral  elements  is: 


♦ 


M  -  (18) 

Au 

In  a  dispersive  instrument  the  time  devoted  to  each  spectral  element  is 
therefore  T/M  where  T  equals  the  total  active  time  of  the  scan.  The  total  active 
time  of  data  acquisition  may  be  considered  to  be  the  total  time  during  which  the 
3ample  was  being  irradiated. 
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Fourier  Transform  Interferometry  has  become  a  useful  tool  in  infrared 
spectroscopy.  These  instruments  require  very  exacting  optics  and  mechanical 
alignments  which  necessitate  micrometer  accuracy  in  mirror  alignments  and  the 
exacting  measurement  of  mirror  displacement.  Because  of  these  required  lew 
tolerances  interferometers  are  very  expensive  and  require  constant  calibration. 

For  the  past  15  years  Hadamard  Transform  Spectroscopy  (HTS)  has 
offered  us  a  very  unique  and  promising  technique  for  spectral  observation. 

This  HTS  spectrometer  shares  the  high  throughput  and  multiplexing  advantages 
of  the  Michelson  interferometer.  But,  the  Hadamard  transform  spectrometer 
has  distinct  advantages:  1)  Mechanical  tolerances  on  the  oder  of  milli¬ 
meters  are  required,  i.e.  three  orders  of  magnitude  higher  than  an  inter¬ 
ferometer.  2)  The  higher  tolerances  mean  lower  cost  in  production  and  less 
maintenance.  3)  Any  conventional  dispersive  spectrometer  can  be  converted 
to  a  Hadamard  transform  spectrometer  quite  easily  if  a  minicomputer  and  a 
slot  system  are  available.  This  type  of  conversion  can  reduce  the  cost  of 
this  instrumentation  even  more.  4)  The  transforms  for  creating  spectra  data 
from  the  encoded  slot  data  are  much  simpler  for  HTS.  Computer  time  is 
drastically  reduced  for  HTS  over  that  for  Fourier  transform  spectrometry; 
thus  simple  computers  can  be  used. 

Yates,  in  1935,  ref.  1,  described  how  error  levels  could  be  reduced 
by  weighing  items  as  a  group  rather  than  individually.  It  is  amazing  that 
even  today  with  the  use  of  computers  this  simple  form  of  multiplexing  has 
not  become  a  widely  used  cool  for  infrared  spectroscopy. 

To  demonstrate  HTS,  Sloane  and  Harwit  have  used  systems  of  weighing; 
we  shall  utilize  this  method  as  well.  3y  weighing  different  combina¬ 
tions  of  several  objects  of  unknown  mass,  the  error  in  measuring  an 
individual  object  mass  can  be  reduced,  ref.  2,  3. 


For  example,  suppose 


_0_ 


we  were  to  weigh  four  objects  with  masses  m^ ,  n7 ,  m^  and  sk  on  a  double 
pan  balance.  (There  are  still  one  or  two  around  in  the  archives  of  our 
laboratories.)  For  the  first  measurement  we  might  place  all  four  objects 
on  the  right  pan  and  record  the  mass.  Next  we  could  place  two  objects  on 
the  right  pan  and  two  on  the  left,  and  so  on  in  different  combinations. 

By  weighing  four  different  combinations  of  the  objects  we  could  easily 
deduce  the  masses  of  the  individual  objects. 

If  the  objects  are  weighed  separately,  the  best  estimates  (m)  of  the 
masses  of  any  one  object  will  be  the  actual  mass  of  that  object  plus  the 
error  associated  with  the  weighing  of  that  object  :the  measured  mass  (M)  } 


M1 

"  *1  =  al  +  *1 

M3 

“  "3  =  m3  +  e3 

M2 

■  51  ra.,  +  e. 

rs 

*  m,  =  m,  +  e, 

4  4  4 

If  it  is  assumed  chat  the  error  is  random  with  a  mean  value  of 
“> 

zero  and  variance  o",  then  the  average  variances  of  the  above  mentioned 
objects  will  be 

2  2  t  ->  2 

(m^-m^)  -  e1  -  (m?-n2)~  =»  *  J . 

When  all  four  objects  are  weighed  simultaneously  the  average  error 
due  to  the  balance  and  weighing  procedure  is  going  to  be  the  same  as  when 
the  objects  are  weighed  individually. 
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The  masses  of  the  objects  can  be  determined  by  solving  four 

simultaneous  equations  for  each  unknown. 

M.  +  M.  +  M,  +  M,  *  4m,  +  0  +  0  0  ■+■  (e.  x  e_  r  e.  -re,) 

I  L  J  4  I  1  •  J  4 
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The  best  estimate  is: 

A  »  t-  (M  +  M,  +  M,  4-  >1,)  ,i(a  +  e,+e,  +  e)+i, 

1412  34413  3-'  j. 

Since  the  variance  of  a  sum  of  independent  variables  is  the  sum  of 
the  variances,  the  variances  of  the  best  estimate  m^  (and  of  ' ^ ,  m^>  m^)  is 


1  2  1  2  1  2  1  2 
16  el  16  e2  16  a3  16  a4 


Using  just  a  adngle  pan  balance,  the  following  weighing  scheme  could 
be  effectivelv  used: 


*1  * 


m.,  +  m^  +  m^  +  e 


1 


°1  +  *2 
m. 


m. 


+  e. 


+-  e , 


M, 


m. 


+  m.  +  e, 
4  4 


Solving  for  ol  : 


M2  +  M3  +  M4  "  M1 


3m, 


e„+  e.  +  e,  -  e.  and 
2  3  4  1 


A1  M  1  (M2  +  m3  +  \  -  V  =  ni  +  I  (e?  +  e3  +  ~  ei> 

4  2 

The  variance  for  Si^,  then,  is  —  c  .  Similarly  the  variances  of 
7  'J 

±„,  A,  and  a.  are  -r  j  . 

2  3  4  9 


5y  weighing  the  objects  in  groups  rather  than  individually,  the 

errors  for  the  estimated  masses  are  reduced.  Varying  the  combinations 

of  objects  being  weighed  and  not  weighed,  as  in  the  single  pan  balance, 

reduced  the  errors  to  4c“/9.  Combinations  of  sums  and  differences  of 

the  objects'  masses,  as  in  the  double  pan  balance,  reduce  the  error  even 
2  2 

further  to  1/4  o  (from  o  for  individual  weighings  of  the  objects'). 

The  various  position  patterns  (i.e.  position  on  the  right  or  left 
pan  of  the  balance)  used  in  the  weighing  of  the  objects  are  called 
weighing  designs.  These  weighing  designs  can  reduce  the  error  in  any 


group  of  measurements. 
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An  absorption  spectrophotometer  measures  the  number  of  photons  (i.e. 
intensity  of  radiation)  of  a  certain  wavelength  light  that  are  not  absorbed 
by  a  particular  sample.  Since  a  quantity  is  being  measured,  the  use  of 
weighing  designs  becomes  useful  in  reducing  the  error  (which  includes 
the  noise)  in  spectrophotometric  absorption  measurements.  The  afore¬ 
mentioned  "objects"  correspond  to  wavelengths  of  light  and  the  masses 
correspond  to  the  number  of  photons  passing  through  the  sample  and 
counted  by  a  detector. 

It  is  apparent  that  by  using  weighing  designs,  the  error  (or  noise 
level  in  spectroscopy)  could  be  reduced  drastically.  Error  reduction 
becomes  very  important  in  infrared  absorption  spectroscopy  for  situations 
where  the  intensity  of  light  is  low.  Subsequently,  in  the  situation 
of  limited  intensity  the  sensitivity  is  lew  and  the  noise  is  proportionately 
higher  than  other  spectroscopic  regions.  In  these  energy  limited  systems 
the  most  significant  source  of  noise  is  the  detector;  thus,  the  error  is 
independent  of  the  signal  applied. 

The  necessary  conditions  for  applying  weighing  designs  to  infrared 
spectroscopy  (and  for  that  matter  3ny  spectroscopic  technique)  are: 

1)  The  light  must  be  separated  into  its  component  wavelengths,  and  2)  these  c 
ponents  must  be  either  transmitted,  reflected  and  gathered  as  a  negative  cont 
to  the  signal  or,  more  simply,  they  must  be  blocked  by  some  means.  The 
first  condition  presents  no  problems.  Dispersive  gratings  separate  light 
into  their  various  component  wavelengths  quite  effectively.  The 
technology  in  making  dispersive  spectrometers  has  been  quite  well 
developed  and  these  spectrometers  can  be  modified  to  do  Hadanard  Transform 
spectroscopy. 
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The  second  criterion  for  HTS  can  be  obtained  by  creating  a 
series  of  masks  (number  masks  *  number  slots)  containing  slots  that  can 
be  either  opaque  or  transparent.  These  masks  would  be  placed  in  the 
light  beam's  path  and  thus  allow  certain  wavelengths  of  light  to  enter 
while  blocking  other  wavelengths.  A  weighing  would  thus  be  created 
quite  analogous  to  the  case  of  weighing  objects  on  a  single  pan 
balance;  the  objects  (or  wavelengths  of  light)  are  either  detected 
or  not  detected. 

Another  type  of  mask  might  be  a  mask  that  either  lets  light  through 
or  reflects  it  to  a  different  detector; one  detector’s  signal  is  then  sub¬ 
tracted  from  the  other's,  creating  a  situa--'  jncomoarabie  to  weighing  objects 
on  a  double  pan  balance.  The  errors  can  be  reduced  much  more  drastically 
using  a  reflectance  mask,  but  implementation  of  this  kind  of  system  might 
be  extremely  difficult. 

Instrument : 

The  Hadamard  Transform  spectrometer  is  basically  a  dispersive  spectro¬ 
meter  with  an  encoding  mask  at  the  entrance  slit  and/or  exit  slit  of  the 
instrument,  ref.  2.  The  basic  componenro  are  a  radiation  source, 
an  optical  separator  to  separate  the  light  into  components  wavelengths, 
the  encoding  mask,  a  detector,  and  a  decoder  to  assimilate  the  data, 

3ee  Fig.  1. 

The  optical  separator  could  be  any  device  such  as  a  grating  or 
prism  that  spatially  separates  the  incident  radiation  into  its  optical 
components . 

The  slotted  mask  encodes  the  signal  according  to  some  weighing 
design  by  either  absorbing,  reflecting  or  transmitting  the  signal. 
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The  encoder  need  be  nothing  more  complicated  than  a  digital 
computer . 

The  basic  parts  of  three  different  spectrometers  are  shown  in 
figure  2.  The  first  spectrometer  in  this  figure  is  a  classic  dispersive 
spectrometer  with  a  narrow  slit  at  both  the  entrance  and  exit.  The 
middle  design  in  this  figure  is  a  Hadamard  Transform  spectrometer  with 
one  narrow  entrance  slit  and  a  mask  of  some  weighing  design  used  at  the 
former  position  of  the  exit  slit.  The  bottom  drawing  in  figure  2  has 
a  mask  substituted  in  place  of  both  the  entrance  and  exit  slits. 

HTS  requires  as  many  measurements  made  as  there  are  slots.  For 
example,  if  a  mask  has  255  slots,  then  255  measurements  must  be  made. 

Weighing  Designs: 

As  can  be  imagined,  a  large  number  of  weighing  designs  can  be 
used  to  encode  radiation  of  different  spectral  wavelengths.  However, 
different  weighing  designs  result  in  different  error  magnitudes.  The 
choice  of  which  design  to  use  depends  on  which  design  gives  the  minimum 
error. 

The  Hadamard  matrices  (i.e.,  -1  or  +1  elements)  will  give  the  minimum 
error  in  HTS.  For  weighing  designs  using  +1  and  0  elements,  the  so-called 
S-matrix  gives  the  minimum  error  for  HTS.  (Other  weighing  designs  do 
exist  and  these  will  be  indicated  later.)  See  Appendix  1  for  a  discussion 
of  these  different  matrices. 

Sloane,  et.  al.f  ref.  i,  provide  a  very  elegant  discussion  on  how  to 
evaluate  a  weighing  design.  Most  of  the  derivation  given  below  will 
follow  their  description. 
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In  Hadamard  Transfora  Spectroscopy  a  light  source  is  spatially 
dispersed  into  N  channels.  Each  channel,  j,  of  light  has  an  average 
energy  integrated  over  a  specific  time,  e^ .  The  channels  of  -light 
are  either  measured  (+1),  reflected  (-1)  or  blocked  (0)  cut  simul¬ 
taneously  according  to  a  weighing  design,  W^,  where  W  =  (w^,  w.  ? ,  .... 
w^)  which  is  the  i—  vector  of  weight.  Thus,  the  total  energy  measured 
through  a  mask  (weighing  design)  is  the  summation  of  the  individual 

channel  energies  which  have  been  allowed  to  pass  through  that  mask, 

N 

Z  w„e,.  In  this  summation  w.  .  is  the  individual  channel  (j)  weight 
j-1  ij  J  ij 

for  mask  W^.  The  mask  weights  are  assumed  to  satisfy  Jw  j  <_  1  and 
correspond  to  attentuation.  The  photodetector  adds  a  random  noise,  n  , 
which  gives  a  final  measurement: 


E.  =*n.  +  Z  w.  .  e.,  i  =  1,  2 . .  M 

1  1  3-l  J 

A  few  assumptions  must  be  made.  (Note  <  >  stands  for  ensemble  • 
averages . ) 

1)  <n^>  3  the  overall  average  for  the  noise  is  zero. 

2)  n^  is  independent  of  the  signal 

3)  <n±Z>  =  o2 

4)  successive  measurements  are  uncorrelated  (<n.n.>  =0  if  i  t  j) 

A  1  J 

5)  <e>  =  e.  The  estimated  value  of  the  channel  energy,  if 

averaged  over  many  readings  ,  will  be  the  actual  channel  energy. 

Assumption  number  3,  above,  says  the  ensemble  mean  square  of  the  noise 
is  the  same  for  all  measurements.  This  corresponds  to  integrating  over 
equal  time  for  chose  measurements,  ref.  5.  If  the  noise  is  due  to  the 
detector  only,  and  if  it  is  independent  of  size  of  signal  (this  assumes 


linear  behavior  of  the  photodetector);  then,  when  averaging  over  many 
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measurements ,  the  mean  square  error  will  depend  directly  on  the  tire 
duration  the  detector  cakes  to  make  the  individual  observation . 


To  estimate  the  energies,  e  ,  one  needs  at  least  as  many  measurements 


(M)  (i.e.  one  mask  per  measurement)  as  there  are  unknowns  !h'.  ret. 

The  observations  are:  S  *  eW  +  n  where  £  -  (E,  ,  E-  ...  E  '■  ,  the 

x  -  23 

observations,'  e  =  (e^,  e, ,  ...  e^)  the  channel  energies;  {'-n  ‘ ,  ...  7^*), 

matrix  of  masks  and;  n  *  (n^,  ...  n^)  noise  (T  stands  for  transpose.) 

yv  A 

— *•  ->■  -*■  f 

An  estimate  e  of  e  is  a  function  of  the  observation,  e(E)  lying  close 

to  e.  The  accuracy  of  the  estimate  can  be  tested  by  minimicing  the  mean 

A  A  -p 

-  /-*  •* x  /-•  -k\T 

square  error:  e.  =  <(e-e)Ce-e)  >. 

a 

Now,  set  the  estimated  value  of  the  channel  energies,  e,  to  be  a 
linear  function  of  the  observations,  E, 


S  - 

e  =  EM 


for  some  matrix  M. 

A.  ^  A  u  r 
Minimizing  e  *  < (e-e) (e-e) ' > 


<e>  *  <EM>  =  <E>M 


<E>  =  eW  +  <n>  =  eW 
a 


<e>  »  ~eWM 


A 


Therefore,  according  to  assumption  4  above,  <e>  ’=  e,  7M  must  equal  the  ident 


matrix,  I.  If  M  =  N,  M  *  W  .  If  M  >  N  (M  cannot  be  smaller  than  N) , 

A 

M  =*  W^(WW^)  \  Substituting  for  e  and  e\ 

A  ^ 

e  -  e  =  EM  -  e  *  "eWM  +  "nM  -  e 


WM  -  I 

A 

so,  e  -  e 


nM 


nW_1,  if  M  -  N 


nWT(WWT)_1  at  M  >  N 


cm  i35U2r:..'I'. 


- ;  C  .us  . 


.  -  -  -  y  . = 

,y  J 


.  .  , 


)ther  methods  r 


we ign In?  lesigr.  exist,  re:. 


The  A-optmal  weighing  design  :;n;x:es  :  =  —  :r  ice  V*  'A 

A  D-opcimal  weighing  cesigr.  laxinus  the  determinant  or  W  det(W)  . 

T-opt ina lity  essentially  titiaites  the  volume  if  region  in  which  the 
A 

estimate,  e,  is  expected  tc  be  found. 

b-optimality  maximoes  the  smallest  eigenvalue  of  W*W. 

These  methods  for  finding  the  best  weighing  design  do  not  always 
agree.  A-opc iaality  seems  to  be  the  best  method  assuming  the  indiivdua! 
mean  square  errors  are  about  equal.  The  best  weighing  design  can  be 
found  by  applying  one  or  mere  of  the  optimality  criteria  to  that  design. 
Weighing  designs  and  their  characteristics  are  given  in  Table  1. 
Hotelling3  has  shown  that  for  any  choice  of  mask  W  with  ' w  '  £  1, 
the  z  are  bounded  by  and  that  it  is  possible  to  have 

■o ^  ”  (j'N)  for  all  i  *  1,  . , .  ,  N  if  and  only  if  a  Hadamard  matrix  ry. 
of  order  N  exists,  ref.  5. 

The  Hadamard  matrix  will  provide  the  best  weighing  design  for 
reduction  of  noise.  This  matrix  ar.d  two  other  matrices  will  be  considered 
in  more  detail.  It  is  interesting  to  note  that  other  matrices  in  Table  1 
have  not  found  much  use  in  Hadamard  Transform  spectroscopy ,  therefore  only 
a  mention  of  these  matrices  is  given  here. 

A  Hadamard  matrix  is  an  M  x  N  matrix  of  -l’s  and  -I's  constructed 


in  such  a  way  that, 


-  N’T 


see  rer 
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H  can  be  normalized  by  multiplying  the  proper  rows  and  columns  by  -1  to 
obtain  +l's  in  the  first  row  and  column,  ref.  3  and  Appendix  1  of  this 


chapter . 


Ill* 


& 


If  N  _>  4,  and  fc  and  1  are  two  distinct  rows  of  H  then  (excluding 
the  first  row), 

row  k  has  +1  and  row  1  has  +1  in  S/4  places 
...  +1  ...  -1  ... 

...  -1  ...  +1  . . . 

...  -1  ...  -1  ... 

and  N  must  be  a  multiple  of  4. 

The  dot  product  of  any  two  rows  of  this  matrix  is  zero  and  thus  the 
matrix  is  orthogonal. 

If  one  of  the  following  conditions  is  satisfied,  -then  G  can  be 
constructed  as  a  cyclic  matrix  -  a  matrix  where  the  (i  +1)—  row  can  be 
obtained  by  shifting  the  i—  row  one  space  to  the  right  or  left.  Here 
the  G  matrix  has  N-l  rows  and  columns. 

1)  S  *  p  +  1,  p  is  a  prime  number 

2)  N  *  p  (p  +  2)  +  1 ,  p  and  (p  *  2)  are  prime 

3)  N  -  2m 

For  example: 


i  i  -i 

-l  i  -i 

-1  i 
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row  k 


i  *  j 
i  =  j 


For  more  cyclic  matrices,  G,  the  reader  is  referred  to  the  literature, 
references  7,  8  and  9. 

The  third  choice  for  V  is  S,  which  can  be  generated  from  G  by  replacing 
+1 ' s  with  0's  and  -l's  with  hi' 3,  see  Appendix  1. 


Experimental: 

The  S-weighing  designed  mask  utilizing  0  or  1  cyclic  elements  is  the 
most  practical  and  easiest  mask  to  design.  Experimentally,  zero  denotes  an 
opaque  slot  in  the  mask,  +1  denotes  a  transparent  slot  and  -1  denotes  a 
reflecting  slot.  The  experiment  is  greatly  simplified  by  the  fact  that 
only  2N-1  slots  are  needed  in  one  mask  to  record  Kadamard  Transform 
Spectroscopy  if  a  cyclic  weighing  design  is  used.  Thus,  one  can  stepwise 
move  a  mask  across  an  entrance  or  exit  slit  and  record  the  intensity  of 
radiation  impunging  upon  the  detector  for  each  step  of  the  mask.  We  refer 
the  reader  to  Figure  3  which  demonstrates  this  stepping  effect. 

In  practice  the  signal  must  be  dispersed.  Since  noise  increases 
by  the  square-root  of  the  detector  surface  area,  a  small  size  detector 
is  essential,  ref.  5.  3y  refocusing  the  radiation  back  through  the  optics. 
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che  light  can  be  focused  to  an  area  approximately  the  same  si2e  as  the 
entrance  slit,  ref.  10.  A  typical  arrangement  used  to  accomplish  this 
in  Hadamard  Transform  Spectrometry  is  shown  in  Figure  4  from  ref.  11. 

Of  course,  if  an  entrance  mask  has  the  same  number  of  slots  as  the  exit 
mask,  refocusing  is  not  necessary  since  the  entrance  and  exit  slits  will 
then  be  the  same  size. 

In  Figure  4,  the  light  is  passed  through  the  entrance  aperature 
to  the  grating.  The  dispersed  radiation  from  the  grating  is  directed  to  a 
collimacing.  mirror,  -The. mirror  raflects  the  radiation  onto  the  mask.  The 
encoded  light  bean  is  then  returned  by  the  same  path  through  the  dispersive 
optics  and  focussed  at  the  entrance  focal  plane,  ref.  11.  In  Decker's 
spectrometer,  the  entrance  slit  was  slightly  below  the  optical  axis,  so  the 
returning  exit  signal  was  slightly  above  the  optical  plane  to  allow  simple 
detection.  The  signal  was  detected  by  a  1.0  mm  square  lead  sulfide  detector. 
Of  course,  the  detector  will  vary  depending  on  the  region  of  the  infrared 
spectrum  used  in  the  experiment. 

Decker  used  an  matrix  as  a  weighing  design,  a  3^°  slot  (2N-1) 

mask.  The  entering  beam  passes  through  a  single  narrow  slit  which  is  .18  5mm 
high.  Decker  found  the  signal  to  noise  (S/N)  ratio  to  be  39. 1- .  Using 
identical  optics  as  the  Hadamard  Transform  Spectrometer,  but  using  a 
monochromator  instead  of  the  weighing  design  mask,  the  S/N  was  only 
'V4.764.  The  Hadamard  Transform  Spectrometer  increased’  the  S/N 

by  a  factor  of  8.0612  +  0.3110  over  that  of  a  conventional  mono¬ 
chromator.  The  increase  in  S/N  ratio  was  very  close  to  the  theoretical 


increase  of  a  factor  of  3.01567. 
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An  instrument  utilizing  an  5  weiS'!liriS  design  mask  (4093  slots) 
created  problems  in  calculating  a  S/'N  ratio.  Decker  reported  just  before 
termination,  of  his  experiments  chat  he  could  not  measure  any  detectable 
noise  when  any  signal,  no  matter  how  small,  was  detectable  in  the 
spectrometer's  output,  ref.  12. 

Harwit ,  et.  al.,  tested  an  instrument  with  a  S^-  exit  mask  (n) 

and  a  entrance  (m)  mask,  ref.  10.  In  this  experiment  Harwit  used 

only  (n  +  m-1)  measurements.  The  exit  mask  was  used  in  n/n  positions  and  the 

entrance  mask  was  stepped  through  its  m  positions  for  each  n/m  exit  mask 

position,  ref.  10.  Theoretically,  one  can  expect  z/z~  to  equal  16/trt-l. 

Improvement  over  a  single  slot  entrance,  S.,^-  mask  exit  spectrometer  was  shown 

to  increase  the  S/N  by  4.31  (computer  simulation).  The  theoretical  limit 

is  4.26.  Assuming  the  RMS  noise  to  be  0.2  times  the  peak  to  peak  noise 

height,  the  signal  to  noise  ratio  was  about  40  for  the  1.7  ym  mercury  line 

measured,  ref.  10  and  11.  A  S.n .  mask  entrance  and  5...  mask  exit  instrument 

o09  2oo 

performed  with  S/N  of  about  70.  These  results  were  not  significantly  better 
than  Decker's  single  slit  entrance,  exit  mask  instrument  (S/N  =  40), 

for  the  factor  of  4.26  was  not  realized  in  this  experiment .  Since  the 
dispersive  spectrometers  used  were  not  the  sane,  differences  in  the  design 
of  the  instruments  could  explain  this  lack  of  improvement. 

If  nm  measurements  are  made,  one  can  expect  e/cr  to  equal  22.2/n 

,  16  , 

SnSn’  l£  m  >:>  n/ •  In  an  experiment  utilizing  19  slot  exit  and  entrance 
masks,  the  mean  square  noise  was  round  to  be  4.2  times  higher  for  37  (n  *n  m— ’ S' 
measurements  than  for  361  (nm)  measurements,  ref.  13. 

Spectral  Imaging,  Inc.,  using  a  configuration  with  a  S,..  exit  and  5,. 
entrance  mask,  claims  "a  figure  of  merit"  for  their  instrument 
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over  120  times  that  of  an  equivalent  scanning-monochromator  spectrometer 
and  up  to  about  30  times  that  of  coramercially-available  interferometer 
spectrometers  of  equal  resolution  and  spectral  multiplexing,  ref.  14. 

"Figure  of  merit"  was  defined  as: 

EW/2Ad-1/2 

where  R  »  X/AX  *  v/Av  is  the  resolution 

L  is  the  "etendu"  v  nA^/ZR  for  HTS  or  grating  spectrometer 
v  2itA^/R  for  Michelson  FTS 

v  is  the  degree  of  spectral  multiplexing  =  number  of  slots  for  KTS 

n  -  number  of  entrance  slots  of  HTS 

A,  *  detector  area 
d 

A  =  grating  area 

s 

A^  =»  Michelson 's  entrance  aperature  area 

„  focal  length  ... 

1  '  £or.  a  sratl“8 

=  average  over  the  wavelength  range  for  the  product  of  detector 

detectivity  times  the  net  of  filter,  grating,  beam  splitter 

etc.,  efficiency. 

WE™nochro„ator  -  1/2  “  S'1/2 

EHTS/EMichelson  interferometer  (n/2ml)  (Ag/A^  (eg/ebg) 

s  *  grating  efficiency 
S 

e^s  =*  beam  splitter  efficiency 

It  was  somewhat  disappointing  that  no  experimental  data  was  given 
to  support  the  theoretical  claims  made  by  Spectral  Imaging,  Inc. 

Other  experimental  instruments  utilized  weight  designs  of  bo 


for  entrance  masks  and  3.,,  to  S.,,,  exit  mast 

oil  204/ 


It  is  interesting 


to  note  the  resolution  was  lower  chan  0.1  cm  *  in  some  of  these  instruments. 


Ranges  of  spectral  bands  were  from  4  to  16  u  depending  on  optical 
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configuration.  Disappointing  to  us  was  the  fact  that  no  experimental 
data  demonstrating  S/N  advantages  and  resolution  of  these  spectrometers 
were  given  in  these  references. 

Doubly  Multiplexed  Spectrometers: 

The  Michelson  interferometer  has  demonstrated  a  unique  advantage 
over  conventional  grating  spectrometers.  A  large  part  of  this 
advantage  is  due  to  the  very  high  throughput  of  an  interferometer 
(Jacquinot's  advantage)  and  multiplexing  (rellegett's  advantage), 
ref.  16. 

If  high  throughput  can  be  added  to  the  advantage  of  using  polychromatic 

light  (Fellgett's  advantage),  a  Hadamard  Transform  spectrometer  should 

show  a  similar  increase  in  S/N  ratios.  To  utilize  Jacquinot's  advantage 

in  Hadamard  transform  spectroscopy,  an  entrance  mask  can  be  used  in 

addition  to  an  exit  mask.  For  the  S-matrix  weighing  design  HTS  should 

increase  the  throughput  to  about  one  half  that  of  an  interferometer. 

Using  Hadamard  matrices  the  throughput  of  HTS  should  approximate  that  of 

a  Michelson  interferometer,  ref.  16. 

In  practice  an  S  mask  is  typically  placed  in  the  entrance  of  a 

dispersive  grating  spectrometer  equipped  with  an  S  exit  mask.  For 

each  position  of  the  exit  mask,  the  entrance  mask  is  stepped  through  its 

m  positions.  The  total  number  of  measurements  can  be  reduced  from  mn 

measurements  to  (n  +  m— 1)  measurements. 

If  the  experiments  use  a)  n  =  m  =  N,  b)  observations  and  c)  S^- 

matrix  weighing  designs,  then  the  mean  square  error,  -r  v  (22.2/M)c“, 

reference  16.  Compare  this  mean  square  error  with  the  mean  square  error 
? 

Na“  for  a  single  slot  entrance  and  exit  spectrometer  and  the  mean  square 

?  2 

error  of  {2-(2/CN  +  1)}"j  for  a  spectrometer  with  a  single  slot  entrance 
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slit  which  utilizes  an  S^-matrix  exit  mask,  ref.  16.  The  results  predict 
for  large  N,  a  dobubly  multiplexed  instrument  will  theoretically 
reduce  noise  by  a  substantial  factor. 

Error: 

The  error  analysis  in  our  previous  discussion  has  assumed  that  the 
only  errors  are  those  associated  with  the  detector.  Of  course,  other 
errors  can  result  from  the  optics  and  masks  of  the  instruments.  Tai,  et.  al., 
using  an  S255  nasks,  found  spurious  negative  bands  appearing  at  higher  and 
lower  energies  compared  to  the  principle  band.  Tai  was  able  to  partially 
explain  the  effect  when  he  simulated  too  wide  and  too  narrow  opaque  mask 
slots.  His  conclusion  was  chat  the  opaque  slots  were  too  wide. 

Tai,  et.  al.  analyzed  the  case  where  an  opaque  slot  is  too  wide 
(i.e.,  when  the  transmitting  slot  is  coo  narrow),  and  found  the  optical 
effect  will  give  a  spectrum  of  (1-e,  e/2,  0  ...  0,  -s/2,  -e/2,  0  ...  0,  e'/2); 
for  slots  too  narrow  the  spectrum  will  be  (1-e,  e/2,  228  0's,  e/2,  e/2, 

22  Q's,  e/2).  For  any  S-matrix  mask,  there  will  always  be  four  equal 
intensity  peaks  in  addition  to  the  main  peak.  Along  with  the  spurious 
bands,  a  spectrum  will  show  a  peak  on  either  side  of  the  main  peak,  causing 
a  broadening  appearance. 

Other  errors  may  result  from  distortion,  aberations,  and  diffraction 
caused  by  the  slots  of  an  instrument,  mask  position  and  mask  movement.  In 
a  typical  Hadamard  Transform  spectrometer,  radiation  that  should  pass  through 
a  certain  slot  will  frequently  spread  onto  other  mask  positions  on  the  detector. 
Here  T  represents  the  Transfer  matrix  and  it  is  the  matrix  describing  the 
radiation  distribution  that  results  from  light  passing  through  a  slot,  ref.  IS. 
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The  matrix  elements  QfvT  correspond  to  the  proportional  intensity  inpining 
on  a  certain  slot  position  of  a  specific  detector  measurement. 

W,  as  before,  is  the  weighing  design  matrix. 

The  detector  readings,  E,  of  measurements  i  from  a  Hadanard  transform 
spectrometer  are 

— *  Jk 

E  «*  TW  e  +  n 

a  T 

where  E  ■  (e  ,  E, ,  . . .  E  , ) 
o  1  n-l 

-*  t  vT 

e  ■  (e  ,  e  . .  .  e  . ) 
o  1  n-1 

_»  T 

n  *  (n  ,  n  ...  n  ,)  ref.  18. 
o  .  n-1 

In  a  conventional  monochromator 

E  ■  T  e  +  n 

The  results  of  all  the  incident  radiation  not  falling  in  the  same 
slot  position  after  passing  through  the  slot  are  artificially  broadened 
spectral  lines  and  increased  noise. 

If  there  were  no  distortion  of  light  through  a  slot  position  then 
T  would  be  the  identity  matrix.  The  mean  square  errors  for  the  instruments 
would  be  those  mentioned  previously  under  weighing  designs.  For  simplicity 
in  our  discussion  we  will  assume  that  the  singal  appears  only  in  the  first 
slot  position. 

If  the  slot  is  sufficiently  wide  to  eliminate  diffraction,  the  intensity 
of  radiation  detected  will  be  triangular  shaped  with  the  maximum  at  the 
mid  point  of  the  slot  profile  (slit  function).  The  base  will  appear  twice 
as  wide  as  the  slot  and  symmetric  about  the  slot  position  (Figure  oa) .  The 
errors  discussed  in  ref.  13  arising  from  the  above  constraints  are: 

U  i  o  ••  •  oil 


T-i 


l  0  0  *  *  •  LH 
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Conventional  monochromator: 


Hadamard  transform  spectrometer  (S  exit  mask)  e  13.86  a~ 

HTS  with  quality  matrix  (S  exit  mask)  c  %^4-8/M  +  4/N ~j, 

Multiplexing  decreases  the  error  by  M/4. 

A  very  narrow  slot  resulting  in  full  defraction  gives  the  slot 
shown  in  Figure  5b,  ref.  18. 

The  first  row  of  T  is  (0.6667;  0.1482,  0.0080,  0.0031,  ... 
0.0017,  0.0031,  0.0080,  0.1482)  (note  T  is  a  cyclic  matrix). 


M  is  large 


function 


The  errors  are: 

Conventional  monochromator:  t  *  2.93  N c~ 

Hadamard  transform  spectrometer  (S-exit  mask)  t  =  11.74c 


Again  multiplexing  decreases  the  error  by  M/4.  This  decrease  in  error 

2 

is  general  for  all  T-matrices.  Also,  for  any  (0,1) -matrix  W,  c  <_  10.34  a  ; 
M  large,  ref.  18. 

The  matrices  T  give  an  indication  of  the  noise  and  line  broadening. 

For  example,  the  larger  in  number  and  size  of  the  off-diagonal  terms,  the 
larger  the  error. 

If  the  slot  mask  is  not  aligned  properly  behind  the  blocking  mask, 
broadening  and  increased  noise  results  in  a  Hadamard  Transform  spectro¬ 
photometer  . 

T  is  an  asymmetric  circulant  with  first  row: 

1/6  (4-g  5 2  +  3o3 ,  (1-d) 3 ,  0  ...  0,  53,  1  +  3a  +  362-363) 

A  slight  error  in  3lot  width  compared  to  stepping  size  over  a 
large  number  of  step  positions  can  result  in  broadening  and  increased 


noise,  ref.  18. 


The  ich  row  of  T  is  l/6[0,  ...  0,  (iA)^,  1  +■  3iA)\  4-6  (i  A)^  +•  3  ( i-1 )  ^ , 
3  2  3 

(1-iA)  ,  0  ...  0;  4-6(iA)  +  3(iA)  is  on  the  mein  diagonal,  the 

initial  position  is  assumed  to  be  correct  and  the  final  position  is 
off  by  nA. 

A  continuously  moving  mask  causes  a  pronounced  increase  in  broadening 
over  a  stepped  mask  with  the  first  row  of  T  being: 

1 

(230,  76,  1,  00,  ...  0,  0,  1,  76)  ref.  18. 

To  reduce  broadening,  T  must  be  incorporated  into  the  solving  of  the 
spectral  intensities.  The  best  estimate  of  the  e^'s  are: 

e  =  W-1  T-1  E 

The  transfer  matrix  T,  must  be  determined  for  the  specific  instrument 


being  used. 
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Imagers  : 

As  mentioned  earlier  only  (n  +  3-1)  measurements  are  needed  to 
develope  a  spectrum  from  a  doubly  encoded  Hadamard  Transform  Spectrometer. 

But  mn  different  measurements  made  from  mn  linear  independent  weighing 
designs  could  be  taken  (note  the  error  analyzed  for  mn  measurement  (22.2/n)  and 
that  analyzed  for  n  +  m-1  measurements  (16/n+l)  described  previously 
in  this  text).  The  extra  measurements  can  provide  one-dimensional  spatial 
information  (i.e.  the  IR  spectra  at  different  distances  across  a  source). 
However,  this  increase  in  spatial  information  can  be  obtained  only  at  the 
cost  of  signal  to  noise  ratios. 

In  general,  each  dimension  added  to  a  mask  allows  one  to  obtain 
another  parameter,  ref.  19.  Thus,  using  a  two-dimensional  entrance  -  mask 
and  a  one  dimensional  exit  mask  (Figure  6) ,  spectral  information  in  two 
dimensions  is  obtained.  With  two  two-dimensional  masks,  an  additional 
parameter  could  be  resolved  (e.g.  polarization  data). 

A  typical  Imager  is  shown  in  Figure  7,  ref.  2.  Swift,  et.  al . ,  used 

an  imaging  spectrometer  to  obtain  a  cathode  ray  display  of  the  3.06 

to  6.33  ’_n  spectral  region  of  the  CO.,  emission  of  a  flame,  ref.  20.  The 

source  of  the  CO.,  emission  was  clearly  displayed. 

^  . 

Hadamard  Transform  Imaging  Spectrometers  show  great  promise  in  collecting 
spectral  data  from  surfaces.  Spectral  data  from  the  earth's  surface  (such 
as  infrared  detection)  in  relation  to  its  regional  proximity  is  one 
obvious  example  for  satellite  applications. 


Conclusion 


Hadamard  Transform  Spectroscopy  has  some  very  nice  applications  in  the 
detection  of  infrared  radiacion,  especially  for  two  dimension  survey  spectra. 
HTS  incorporates  both  Fellgett's  and  Jacquir.ot  s  advantages,  •i^'.h  are  so 
useful  in  today's  Fourier  Transform  Spectroscopy.  The  comparison  of  HTS 
to  FTIR  finds  HTS  within  the  same  order  of  magnitude  for  performance,  althou  gh 
much  development  is  needed  in  experimental  technology  and  weighting  function 
for  HTS.  The  most  dramatic  and  possibly  the  most  important  advantage  of 
HTS  over  FTIR  is  the  reduced  cost  of  a  Hadamard  Transform  Spectrometer. 

Three  factors  combine  to  reduce  the  price  of  a  Hadamard  Transform 
Spectrometer  to  one  third  that  of  a  Fourier  Transform  interferometer: 

1)  HTS  requires  tolerence  in  the  millimeter  range  while  FTIR  tolerance 
are  in  the  micrometer  region  or  less. 

2)  Computer  time  is  an  order  of  magnitude  less  for  HTS. 

3)  Most  dispersive  spectrometers  can  be  converted  to  a  Hadamard  Transform 
Spectrometer  by  substituting  slotted  masks  in  place  of  the  slit  systems. 

In  addition,  less  sophisticated  computers  and  software  are  needed  in  HTS. 
For  example,  the  He-h'e  laser  signals  used  to  track  the  mirror  in  FTIR  are  not 
necessary  in  HTS.  The  Cannes  effect  is  still  realized  in  HTS  since  the  mask 
will  measure  individual  frequencies  with  great  precision  and  allow  substraction 
and  spectral  stripping  technique  which  are  now  so  important  to  spectroscopists 
applying  FTIR  techniques.  The  minimization  of  moving  parts  makes  HTS  a  viable 
instrument  for  situations  where  vibrations  are  present,  i.e.  air  craft  and 
satellite  surveillance. 

Hadamard  Transform  Spectroscopy  does  lack  the  full  advantages  realized  by 
FTIR  in  the  far  infrared  region.  Here  interference  from  the  mask  can  be  a 
very  serious  problem. 

Possibly  the  greatest  potential  for  HTS  will  be  the  two  dimensional 
spectral  survey  of  a  surface.  Here  specific  chemical  identification  can  be 
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monitored  in  two  dimensional  space.  This  two  dimensional  monitoring  can 
be  very  useful  for  systems  as  small  as  flames  to  pollution  monitoring  by 
aircraft  surveillance  over  cities.  Certainly  of  great  interest  vculd  be 
the  mapping  of  earth  resources  and  the  acquisition  of  meterologioal  data 
Kadamard  Transform  Spectroscopy  represents  a  very  unique  and 
potentially  useful  tool  for  analytical  chemistry. 


A  symmetrical  block  design  is  a  collection  of  subsets  of  size  k  acquired  from  a  total  N  objects,  such  that 
any  two  blocks  have  X  common  objects.  Its  Incident  matrix.  A,  forms  the  weighing  design.  The  (N,k,X) 
symmetrical  block  design  converts  to  the  incident  matrix.  A,  by  forming  an  N  x  N  matrix.  A  -  fa  1 
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Appendix  I.  The  Generation  of  the  H,  G  and  S  matrices 
There  are  two  convenient  methods  for  generating  weighing  design  matrices, 
First,  previous  literature  describes  the  construction  of  cyclic  S-matrices 
which  do  not  have  length  N  =  2n-l  (e.g.  N  =  4t-l,  where  N  is  a  prime  number; 

N  =  p  (p  +  2)  where  p  and  2  are  both  prime  numbers),  ref.  4  and  21. 

However,  if  the  matrix  does  not  have  to  be  cyclic,  construction  of  a 
H-matrix  is  quite  straightforward.  All  H-matrices  have  the  relation 


H2i  ’ 


H.  H. 

i  l 
Hi  H. 


For  example,  ref.  21: 
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and  so  on. 

A  G  matrix  can  be  constructed  from  this  H-matrix  by  deleting  the  first 
row  and  first  column,  which  in  this  case  are  positive  is. 

fhe  S-matrix  can  be  obtained  from  the  G-mat  ix  by  the  following 
substitution,  ref.  22.  All  elements  which  are  +1  are  replaced  by  0,  ail 
elements  that  are  -1  are  replaced  by  J-l.  If  this  same  substitution 
is  made  on  the  H-matrix,  the  resulting  arrangement  is  the  3-matrix. 
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A  cyclic  S-matrix  can  be  constructed  using  primitive  polynomials 

(modulo  2)  for  the  N=2n-1  order  matrix,  ref.  5.  To  do  this  let  e  , 

o 

e^_^  be  the  ordered  elements  of  the  first  row  of  S. 

P  (X)  =  X*1  +  a  ,  Xn  “  +  .  .  .  +a  is  a  orimitive  polvnominal  of 
n  n-1  o 

•degree  n.  There  is  an  excellent  list  of  the  polynomials  of  n  degree 

in  ref.  4,  table  2  and  we  shall  not  repeat  these  here.  The  first  n  elements 

of  a  row  can  be  chosen  arbitrarily,  as  long  as  the  row  is  not  all  zero 

n-1 

elements.  The  other  elements  of  the  row  are  generated  from  e  =  I 

£n+n  i=0 

[0  m  _<  (X-n-1)  ] .  The  terms  are  added  by  modulo  2  ignoring 
carries,  i.e.,  1+1=0,  1+0=1,  0+1=1,  0+0=0. 

3 

For  example,  suppose  N  =  2  -1  =  7 .  A  primitive  polynomial  of  degree  3 

is  P-(X)  =  X^  +  X  +  1  and  a  =  1,  a.  =  1  and  a.  =  0  (ref.  5). 

3  o  1  2 

Choosing  e  =  e.  =  e.  =  1,  the  first  n  =  3  terms,  then 
o  1  2 

e_  =  a  e  +  a,e.  +  a„e.  =l+l+0=0 

3  oo  11  2  2 

e.  =  a  e.  +  a,e.  +  a_e_  =l+l+0=0 

4  o  1  12  2  3 

e_  =  a  e„  +  a.e,  +  a~e,  =l+0+0=l 
o  o  2  13  2  4 

e,  =  a  e,  +  a,e.  +  3„e.  =0+0+0=0 
6  o  3  14  2  o 

The  elements  of  the  first  row  of  the  S-matrix  can  also  be  produced 
using  a  shift  register,  ref.  17.  A  shift  register  for  p^  =  1  +  X  +  X^ 
is  shown  in  Figure  3,  ref.  17. 
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positive  one.  The  quartered  circle,  0  is  a  modulo  2  addition. 


The  shift  register  will  go  through  2n-l  states  before  repeating. 

A  n  x  (2n-l)  matrix  is  created  quite  conveniently  and  the  first  row 
can  be  used  as  the  first  row  of  a  cyclic  S-matrix.  Subsequent  rows  of  the 
S-matrix  are  produced  by  cycling  the "previous  row  one  space  to  the  right 
or  left.  Reversing  a  previous  process  for  generalizing  an  S-matrix  from  a 
G-matrix;  if  the  elements  of  the  S-matrix  which  are  zero  are  replaced  by 
positive  ones  and  the  positive  ones 'are  replaced  by  negative  ones,  the 
G-matrix  is  created  from  the  S-matrix.  If  this  is  followed  by  the  addition 
of  a  first  row  and  a  first  column  of  elements  which  are  all  -*-l,  the  H-natrix 


is  generated. 
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Appendix  II:  FAST  HADAMARD  TRANSFORM 


A 


-1 


The  individual  spectral  energies  are  found  by:  e  =  W  E.  Therefore 

—1  — ^ 

we  need  matrix  W  and  E.  E  is  the  vector  of  measurements.  The  inverse 

of  the  weighing  design,  W  can  be  found  by  the  following  steps.  The 

inverse  of  an  S-matrix  can  be  determined  by  first  taking  the  transpose  of 

this  S-matrix,  ref.  5.  Second,  the  substitution  of  the  fraction  2/(N+l) 

is  made  for  each  +1  and  -2/ (N+l)  for  each  zero  in  the  transposed  S-matrix. 

til 

However,  if  S  is  a  left  cyclic  matrix  (i.e.  the  i  row  is  produced  by 

shifting  the  previous  row  one  space  to  the  left) ,  then  the  matrix  S  is 

its  own  transpose  and  the  aforementioned  transpose  operation  is  not  necessary. 

S  ^  can  be  written  as  a  product  of  (2 /N+l)  and  a  matrix  of  +l's  and 

-l's. 


2 

To  find  e,  it  follows  that  (N  -N)  additions  or  subtractions  are  required 
by  straightforward  matrix  multiplication. 

Now,  if  N  equals  2* -1  and  the  weighing  design,  S,  is  generated 
using  a  primitive  polynomial  (mode  2)  of  degree  n,  the  number  of  steps 

A 

needed  to  determine  e  can  be  reduced  to  (N+l) log^ (N+l) ,  ref.  5.  This 
shorter  method  utilizes  the  fast  Hadamard  transform  (FHT) .  Even 
though  the  Hadamard  matrix  multiplication  performed  by  the  FHT  does  not 
use  the  correct  matrix,  the  FHT  matrix  is  related  to  the  correct  matrix 
by  two  permutations. 

The  FHT  algorithm,  as  presented  by  Nelson  and  Fredman,  is  a  verv 
useful  technique,  ref.  5.  In  FHT  the  following  steps  are  used. 

1)  The  N  Hadamard  measurements,  E,  are  permuted  by  the  permutation 
t  .  To  the  permuted  measurement  vector,  E  ,  one  need  onlv  add  a  zero  to 
the  front  of  the  vector.  This  gives  E^  =»  . 
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2)  The  FHT  is  performed  on  E  ,  giving  a  vector  denoted  as  S  . 

/S  *  T 

3)  The  first  element  of  S  is  deleted.  The  permutation,  t  ,  is 
then  applied  to  the  remaining  vector,  forming  L^. 

4)  The  vector,  L  ,  obtained  in  step  3  is  then  normalized  (each 

TT 

element  divided  by  -[(N+1)/2J),  resulting  in  the  spectral  intensity 
vector . 

Before  the  algorithm  mentioned  above  can  be  performed,  the 
permutations,  and  must  be  determined.  The  permutations  are 
discussed  below. 

First,  the  generation  of  the  permutations  of  are  described. 

T  I  ^  1 1  ' ' '  1 

1)  Let  W  =/  :  1=  the  first  n  rows  of  the  transpose  of 

11  I  3nl 

matrix  W  =  {w  } . 

ij 

2)  Set  T^(j)  *  l  where  l  is  the  integer  expressed  in  binary  notation 


by  the  sequence  a  ,ct. 

nj  (n-l)j 


a,  ..  The  value  of  the  1—  element 


of  the  permuted  measurement  vector  is  set  equal  to  the  value  of  the  j — 

element  of  the  original  measurement  vector,  E. 

The  permutations  of  are  generated  in  the  following  manner. 

T 

1)  Let  W  be  the  transoose  of  W  =  {w, 

ij 

t  li  cli  X 

2)  Let  R  be  the  matrix  whose  l —  column  is  the  j—  column  of  W  , 


where  t  (j)  =  Z. , 

3)  Let  P  *  P>1  ?lr 

(2j-1)—  column  ofPR.  ?^' 


e  the  matrix  where  the  j  ^  column  is  the 


4)  Set  it  (k)  *  Z,  where  k  is  the  integer  expressed  in  binary  nota¬ 


tion  by  the  sequence  p  p 


tar  l (n-1)  ‘ '  *41 ' 
A 


The  value  of  the  l — -  element 


of  the  permuted  vector,  "T^t,  is  set  equal  to  the  value  of  the  element 


of  the  original  vector. 
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Finally,  Che  FHT  algorithm  which  is  compatible  with  the  aforementioned 
permutations  is  presented. 

1)  Let  [F(0),  F(N)]  be  the  vector  to  be  transformed.  For  all 

possible  n-tuples  (y  . ,  y  y  ),  set 

n-1  n-z  o 

/A  n-1  a 

F  (y  .,'y  u  )  -  F(2  2Jy.). 

o  n-1  n-2  o  j=Q  j 

2>  For  1  <  j  <  n,  set 


A 

F .  (y  . 
J  n-1 


9  •••*  V  .  »  U  ,  «  )  •• 

J  J-l 


.  ,  y  )  =  F  (y 
o  j-1  n-J 


»  y . .  0)  u 


j-2* 


uo)  + 


i -1 

('1)  J  Fj-l(Vl*  •••»  V  l’  Wj-2 . Uo)> 

3)  Set 


n-1  a 

T(m)  *  F  (y  y  ),  where  m  =  Z  2Jy.. 

n  n-1  o  2 

[T(o) ,  ....  T (N) ]  is  then  the  Hadamard  transform  of  [F(0),  ....  F (N) ] . 
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FIGURE  C ARTIOMS 

Figure  1  —  Components  used  in  Hadamard  Transform  Speccroscopv.  The  dotted 
lines  indicate  additional  components  necessary  when  an  encoding 
mask  utilizing  reflecting  and  transparent  slots  is  used  instead 
of  an  encoding  mask  made  of  opaque  and  transparent  slots. 

Figure  2  —  Block  diagrams  of  three  spectromecers.  The  top  spectrometer  is 
a  conventional  monoachromator .  The  middle  spectrometer  is  a 
singly  encoded  Hadamard  Transform  Spectrometer  and  the  bottom 
spectrometer  is  a  doubly  encoded  Hadamard  transform  spectrometer. 

Figure  3  —  A  2N-1  ■  13  slot  mask  is  stepped  across  a  blocking  mask,  allowing 
seven  linearly  independent  seven  channel  weighing  designs  to  be 
illuminated  by  the  incident  radiation.  A  measurement  of  the  light 
intensity  is  made  at  each  of  the  seven  different  mask  positions. 

An  Sj  weighing  design  matrix  is  thus  created. 

Figure  4  —  Optics  of  a  typical  singly  encoded  Hadamard  Transform  Spectrometer. 

Figure  5  —  Slit  functions  of  a)  a  sufficiently  wide  slot  to  eliminate  all 
diffraction  and  b)  a  narrow  slit  resulting  in  full  diffraction. 

Figure  6  —  Components  of  a  doubly  encoded  Hadamard  Spectromecric  Imager.  The 
two-dimensional  entrance  encoding  mask  and  one-dimensional  exit 
encoding  mask  allow  spectral  data  in  two-dimensions  to  be  observed. 

Figure  7  —  Optics  of  a  Hadamard  Spectromecric  Imager. 
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Raman  Studies  of  the  Adduct  Structure  of  Cl2  and  Br2 
with  Piaselenole 

J.  J.  BLAHA,*  W.  BRITTAIN.t  C.  E.  MELOAN,  and  W.  G.  FATELEY* 

Department  of  Chemistry,  Kansas  State  University,  Manhattan,  Kansas  66506 


The  affinity  of  2,1,3-benzoselenadlazole,  commonly  called  piase¬ 
lenole,  for  chlorine  and  bromine  molecules  has  been  known  for 
a  long  time.  Raman  spectroscopy  provides  a  very  interesting 
method  for  determining  the  molecular  structure  of  these  1:1 
adducts.  The  Raman  spectrum  shows  the  Cla  and  Br>  molecules 
in  the  adduct  remain  as  a  dimer  molecule. 

Index  Headings:  Raman  spectroscopy;  Structure  analysis;  Matrix 
isolation. 

INTRODUCTION 

The  interest  in  the  structure  of  the  1:1  adduct  between 
piaselenole  and  chlorine  or  bromine  molecules  arises 
from  the  desire  to  remove  these  halogens  from  air 
streams.  Previously  both  Cls  and  Br2  were  removed  by 
an  oxidation-reduction  reaction,  but  this  is  a  very  time- 
consuming  process.1  Recently  piaselenole  has  been  used 
as  a  scrubbing  agent  to  form  an  adduct  with  these  halo- 
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gen  molecules.  Not  only  does  this  provide  a  very  simple 
technique  for  removal  of  Cl2  and  Br2  molecules,  but  it 
also  allows  us  to  reclaim  the  halogen  gases  which  are 
precipitated  as  the  adduct  during  the  scrubbing  process. 
The  adduct  is  easily  decomposed  to  halogen  gas  and 
piaselenole  by  the  addition  of  water. 

Piaselenole  is  known  to  have  a  planar,  orthoquinoid 
structure,  which  undergoes  a  quaternarization  reaction 
with  alkyl  halides. This  compound  has  been  proven  to 
be  a  valuable  reagent  in  trace  analyses.'-9  Our  attention 
was  directed  to  this  unique  molecule  because  of  the 
severity  in  conditions  necessary  to  chlorinate  the  six 
member  ring  of  piaselenole.  We  assumed  chlorination  of 
piaselenole  would  easily  occur  with  the  addition  of  chlo¬ 
rine  gas;  however,  a  yellow  material  was  recovered  that 
did  not  show  aromatic  ring  chlorination.  Additional  in¬ 
vestigation  shows  the  same  conditions  necessary  for  the 
chlorination  of  benzene,  i.e.,  chlorine  gas.  iron  filings,  and 
reflux  at  elevated  temperatures,  were  necessary  for  the 
chlorination  of  piaselenole." 

Earlier  workers  had  suggested  that  the  yellow  material 
which  resulted  from  the  simple  addition  of  chlorine  gas 
to  piaselenole  might  be  an  adduct,  but  little  proof  was 
given  for  this  conclusion. 10 
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We  wish  to  present  the  Raman  spectral  data  which 
show  that  the  halogen  remains  as  a  dimeric  molecules  in 
these  1:1  mole  ratio  adducts  with  piaselenole. 

L  EXPERIMENTAL 

The  piaselenole  was  prepared  by  mixing  aqueous  so¬ 
lutions  of  orthophenylenediamine  dichloride  with  an  ex¬ 
cess  of  selenium  dioxide.  The  precipitate  formed  is  char¬ 
acterized  by  white  needle  crystals  having  a  melting  point 
range  of  74~76°C.  The  infrared  spectrum  was  also  used 
to  identify  the  compound  as  piaselenole. 

The  Raman  spectra  were  obtained  by  conventional 
techniques  using  the  514.5-nm  excitation  line  of  the  argon 
ion  laser.  The  Raman  scattering  was  observed  at  a  90° 
angle  to  the  impinging  laser  beam. 

The  Raman  spectra  were  obtained  using  two  different 
sampling  techniques:  (1)  samples  sealed  in  capillary 
tubes,  and  (2)  pellets  which  were  rotated  in  the  laser 
beam.  The  rotation  of  the  pellet  sample  in  the  laser  beam 
eliminated  the  opportunity  for  the  sample  to  be  decom¬ 
posed  by  the  impinging  laser  radiation. 

The  piaselenole  was  dissolved  in  a  solvent  and  the 
chlorine  gas  was  bubbled  into  this  solution  at  a  slow  flow 
rate,  approximately  1.5  ml/s,  through  a  glass  frit.  Methyl 
orange  was  used  as  a  visual  indicator  for  the  reaction  end 
point.  The  methyl  orange  bleaches  to  a  colorless  solution 


Fio.  1.  Raman  tpactra  of  piaaelenote  and  aaeoeiated  halogen  adducts 
Top:  bromine  adduct.  Sample  on  rotating  platform:  later,  514.5  nm. 
beam.  >2  nm  at  aamplt:  spectral  slit  width.  J  cm  tune  constant.  10 
a;  scan  rate, 0,83 cm '7a;  full  scale.  1000 count.  Middle:  chlorine  adduct. 
Sample  on  rotating  platform:  tame  conditions  as  for  top.  Bottom 
piaselenole.  Sample  In  capillary  tube.  Mine  conditions  aa  for  top 


when  free  chlorine  gas  is  present.  The  color  change 
signals  the  completion  of  the  piaselenole-chlorine  adduct 
formation.  A  second  solution  of  piaselenole  was  titrated 
with  a  0.25%  by  weight  bromine  solution.  The  complete 
formation  of  the  bromine  adduct  was  detected  by  the 
characteristic  red  color  of  excess  bromine.  The  stoichem- 
istry  for  both  chlorine  and  bromine  was  a  1:1  mole  ratio 
with  the  piaselenole.  A  word  of  warning,  both  adducts 
can  be  destroyed  by  the  addition  of  an  excess  of  the 
halogen  gas.  In  addition,  adduct  decomposition  was  also 
observed  from  exposure  to  light  and  storage  of  solid 
samples  at  room  temperatures. 

The  adduct  precipitate  is  characterized  by  long  needles 
colored  yellow  and  yellow-orange  for  the  chlorine  and 
bromine  adducts,  respectively.  The  adducts  were  pro¬ 
tected  by  immersion  in  the  solvent  and  storage  at  0°C. 
The  addition  of  water  to  these  adducts  yield  the  pure 
white  piaselenole  solid  and  the  halogen  dissolved  in  or 
released  from  the  water. 

II.  RESULTS  AND  DISCUSSION 

Since  both  chlorine  and  bromine  molecules  are  hom- 
onuclear,  Raman  spectroscopy  is  the  obvious  choice  for 
the  study  of  these  adducts  because  the  halogen  vibrations 
are  Raman  active  and  infrared  inactive."  The  Raman 


TABLE  I.  Frequency  assignments  for  piaselenole  and  the  chlo¬ 
rine  and  bromine  adducts  (values  in  cm'1).' 


Piaselenole 

Cl.,  adduct  Br..  adduct 

22  S 

22  g 

22  S 

38  S 

38  S 

38  S 

51  VS 

51  VS 

51  VS 

74  VS 

74  VS 

74  VS 

159  W 

158  W 

158  W 

173  W 

172  W 

172  W 
|  286  W 

Br..  vibration 

,  289  M 
!  293  W 

353  W 

352  W 

352  W 

381  M 

381  M 

380  W 

487  W 

487  W 

486  W 

497  W 

498  W 

1  507  W 

497  W 

Cl.. 

vibration  !  514  W 

1  521  S 

554  S 

554  S 

55#  S 

675  W 

674  W 

676  W 

711  W 

710  W 

711  W 

748  S 

748  W 

75i)  W 

801  W 

800  W 

801  W 

899  W 

896  W 

895  W 

982  W 

980  W 

983  W 

1134  W 

1130  W 

1133  W 

1144  W 

1 142  W 

1145  W 

1223  W 

1223  W 

1225  \V 

1240  W 

1239  W 

1243  W 

1288  M 

1286  W 

1289  W 

1341  M 

1.341  W 

1340  M 

1347  M 

1347  W 

1 348  M 

1352  W 

1350  W 

1 352  W 

1437  VS 

1435  S 

1437  S 

1476  W 

1476  W 

1475  W 

1486  W 

1486  W 

1489  W 

1496  W 

1496  W 

1494  W 

1510  M 

1508  W 

1511  W 

1607  W 

1605  W 

1608  W 

*  The  frequencies  ere  obtained  from  ihe  Raman  shift 

in  Fig  1  Abhre 

vuuiona  uaed  are 

W.  weak.  M.  medium.  S.  strong.  V 

.  verv 
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spectra  of  the  chlorine  and  bromine  adducts  are  pre¬ 
sented  in  Fig.  1  and  a  tabulation  of  the  frequencies  and 
assignments  are  given  in  Table  I. 

The  Raman  spectra  of  the  adduct  are  very  similar  to 
the  spectrum  of  piaselenole  (Fig.  1).  However,  significant 
differences  are  observed  near  514  cm-1  for  the  chlorine 
adduct  and  around  289  cm-1  for  the  bromine  adduct.  The 
Raman  spectrum  of  piaselenole  shows  no  scattering  in 
this  region.  No  additional  bands  due  to  the  adducts  are 
found  in  the  region  below  200  cm-1.  Closer  examination 
of  the  region  shows  scattering  at  521,  514,  and  507  cm'1 
for  the  chlorine  adduct  and  293,  289,  and  286  cm'1  for 
bromine  adduct.  Previous  investigators  have  reported 
Raman  frequencies  for  the  solid  chlorine  molecule  at  542, 
534,  and  527  cm'1  and  for  the  solid  bromine  molecule  at 
305,  301,  and  299  cm'1.12- 13  The  authors  attributed  these 
several  frequencies  to  the  various  halogen  isotopes.  The 
frequencies  do  not  indicate  coupling  of  vibrational  modes 
due  to  neighboring  halogen  molecules. 

Earlier  workers  have  reported  Raman  bands  from 
SeCL,  molecules  at  375,  361,  and  348  cm'1  and  for  SeBr, 
molecules  at  266, 247,  and  226  cm'1.14  Additionally  Se3CU 
has  a  frequency  at  367  cm'1  and  Se3Br«  at  265  cm'1.1* 
Certainly  the  observation  of  these  new  frequencies  in  the 
adduct  cannot  be  due  to  the  formation  of  Se — X  bonds 
(i.e.,  there  is  no  SeX  in  the  adducts). 

in.  CONCLUSION 

As  previously  noted  the  piaselenole  spectrum  is  unaf¬ 
fected  by  the  addition  of  a  halogen  molecule;  therefore, 
we  would  not  expect  the  piaselenole  molecule  to  be 
chemically  altered  in  the  formation  of  the  adduct. 

In  addition  the  physical  appearance  of  the  needle-like 


crystals  for  both  pure  piaselenole  and  the  adduct  suggest 
that  little  change  has  occurred  in  the  crystal  habit.  Fur¬ 
thermore,  the  chlorine  and  bromine  molecules  are  easily 
released  from  the  adduct.  Finally  the  spectrum  of  solid 
chlorine,  Cl?,  and  bromine,  Br_>,  is  very  similar  to  halogen 
adducts;  we  must  conclude  that  the  halogen  molecules 
remain  as  dimers,  i.e.,  Cl?  and  Bra  in  the  adduct.  The 
observed  lowering  of  the  halogen’s  vibrational  frequen¬ 
cies  indicates  the  isolation  of  halogen  and  possibly  some 
decrease  in  the  bond  order  of  the  halogen  due  to  physical 
bonding  with  piaselenole. 

We  speculate  that  the  association  of  the  halogens  with 
piaselenole  occurs  as  a  quaternary  amine  reaction  rather 
than  a  simple  association  with  the  selenium  atom.  Pre¬ 
vious  investigations  have  shown  that  the  quat emariza- 
tion  reactions  are  preferred  over  reactions  with  the  sele¬ 
nium  atom.4' 16  Certainly  this  is  a  plausible  model  in  these 
adducts. 
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The  low  frequency  Raman  spectra  of  CF,OF  (gas,  liquid),  CFjOCI  (liquid),  CFjOOH  (gas,  liquid),  CFjOOD 
(liquid),  CFjOOF  (gas,  liquid)  and  CFjOOCl  (liquid)  have  been  recorded  below  300  cm'1.  The  spectra  have 
been  assigned  and  the  CF}  torsional  modes  were  observed  for  all  of  these  compounds  in  the  liquid  stale.  The 
assigned  frequencies  for  the  liquids  and  the  calculated  barriers  for  the  vapor  state  are:  CF.,OF,  i\  =  144  cm'1, 
Vj  =  4.64  kcal  mol'1;  CF,OCI,  v,  =  122  cm-1,  V,  =  4.6  kcal  mol'1;  CFjOOH,  p,  =  155cm  ',  V3  = 
6.0  kcal  mor1:  CFjOOF,  p,  =  78  cm'1,  Vj  =  2.9  kcal  mol'1;  and  CFjOOCI,  p,  =  80  cm'1,  V,  =  3.7  kcal  mol'1. 
The  assignments  are  discussed  and  the  barriers  are  compared  to  the  corresponding  quantities  in  some  similar 
molecules. 


INTRODUCTION 


Trifluoromethyl  hypofluorite,  CFjOF  is  an  important 
reagent  in  the  synthesis  of  organic  and  inorganic  fluorine 
compounds.1  Trifluoromethyl  hypochlorite,  CF3OCI,  is 
the  first  member  of  the  chloroxy  perfluoralkane  series, 
and  molecules  known  to  undergo  readily  free  radical 
reactions  form  derivatives  of  CFjOCI  in  which  the  £ FjO 
group  is  retained/  CF3OOX  compounds  (X  =  H.  D,  F, 
Cl)  are  of  special  interest  to  the  synthetic  inorganic 
chemist.3*®  Along  with  bis-trifluoromethyl  trioxide,"' 
CF3OOOCF3,  they  serve  as  key  reagents  for  the 
synthesis  of  many  highly  fluorinated  peroxides.4,7'®  1 1'13 

CF3OF  has  been  studied  by  IR  and  Raman  spec¬ 
troscopy,1415  electron  diffraction16  and  microwave 
spectroscopy.17  More  recently,  Raman  spectra  of 
CF3OF  in  the  gas  phase  as  well  as  diluted  in  argon 
matrices  at  8  K  have  been  reported.18  The  preparation, 
identification  and  characterization  of  CFjOCI  included 
only  IR  spectra.2'1®  More  recently,  complementary 
Raman  spectra  of  CF3OCI  isolated  in  an  argon  matrix  at 
8  K  have  been  reported.18 

As  a  prelude  to  the  investigation  of  the  structure  of  the 
CF3OOX  series  by  vibrational  spectroscopy.2"  electron 
diffraction'1  and  microwave  spectroscopy,22  we  rein¬ 
vestigated  the  IR  and  Raman  spectra  of  CF,OF  and 
CF3OCI.  While  that  work  was  in  progress,  the  contribu¬ 
tion  by  Smardzewski  and  Fox  appeared18  and  comple¬ 
mented  our  results.  The  work  on  the  vibrational  spectra 
of  CF3OF  and  CF3OC!  has  now  been  completed.'3  The 
detailed  assignments  and  normal  coordinate  analyses  for 
CF3OF  and  CF3OC!  will  be  reported  separately.24  The 
investigation  of  the  CF3OOX  series  1 X  =  H,  D.  F.  Cl)  by 
vibrational  spectroscopy  has  now  been  completed. 25 
The  detailed  assignments  and  normal  coordinate 
analyses  for  the  CFjOOX  series !  X  =  H,  D .  F,  Cl)  will  be 
reported  separately.26 

f  Present  act  dress:  Center  for  Catalytic  Science  and  Technology. 
Department  of  Chemical  Engineering,  University  of  Delaware. 
Newark.  Delaware  197i|.  USA 


The  observation  in  the  Raman  spectra  of  gases  of  a 
number  of  Ac  =  2  transitions  for  the  methyl  torsional 
modes  for  ethyl  halides,27  dihalo-  and  trihaloethanes,28 
and  ethanol  and  ethanethiol'®  suggested  that  At.  =  2 
transitions  may  be  observable  for  the  trifluoromethyl 
torsional  mode.  This  suggestion  has  been  realized  in 
some  1,1,1-trifluoroethyl  halides:'"  however,  a  rein¬ 
vestigation  of  bis-trifluoromethyl  peroxide  including  the 
Raman  spectrum  of  the  gas'1  did  not  reveal  any  At'  =  2 
transitions.  The  present  paper  deals  with  the  CF> 
torsional  mode  in  gaseous  CF,OF  where  a  detailed 
investigation  is  possible  based  on  Raman  spectroscopy. 
Some  considerations  about  CFj  torsions  in  CFjOCI  and 
the  CF3OOX  series  (X  =  H,  D,  F,  Cl)  are  included. 


EXPERIMENTAL 


The  syntheses  and  purification  of  all  compounds  were 
carried  out  at  Kansas  State  University.  CF3OF  and 
CF3OCI  were  prepared  by  the  cesium  fluoride  catalyzed 
addition  of  F;  and  C1F.  respectively,  to  COF:.'2 
CF3OOH  was  prepared  by  the  hydrolysis  of 
CF300C(0)F.' 4  CF3OOF  and  CFjOOCl  were  pre¬ 
pared  by  the  cesium  fluoride  catalyzed  addition  of  F_-  and 
C1F,  respectively,  to  CFjOOH.'  "  CFjOOD  was  pre¬ 
pared  from  CFjOOH  by  exchange  with  D;0  and 
contained  some  unreacted  CFjOOH.  Purification  was 
normally  by  vacuum  line  distillation.  CF-.OF  was 
contaminated  by  CF:iOFi;  whose  separation  required 
low  temperature  gat  chromatography. 

IR  spectra  1 4000- 160  cm* 1 1  of  all  compounds  in  the 
gas  phase  were  recorded  at  Kansas  State  University 
using  a  Perkin-Elmer  Model  180  IR  spectropho¬ 
tometer.  Cells  of  idem  pathlength  with  AgCl  windows 
and  15  cm  pathlength  with  polyethylene  windows  were 
employed. 

Raman  spectra  of  all  compounds  as  liquids  were 
recorded  at  Kansas  State  University  in  a  low  tempera¬ 
ture  cell  similar  in  design  to  that  of  Brown  er The 
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coolant  bath  temperatures  were  as  follows:  CF3OF  and 
CFjOCl,  -196  °C;  CFjOOH,  -30 ’C;  CFjOOD,  0°C: 
CFjOOF,  -60  °C;  CF3OOCI,  -20  °C.  The  514.5  nm 
line  of  Spectra-Physics  Models  164-00  or  164-03  argon 
ion  lasers  was  used  except  for  CFjOOCl  where  its  yellow 
color  required  the  —620  nm  output  of  a  Spectra-Physics 
Model  375  CW  dye  laser  with  rhoda'mine  B  pumped  by 
the  Model  164-03  argon  ion  laser.  Power  levels  of  the 
laser  were  in  the  range  100-300  mW  in  all  cases.  The 
spectra  for  all  compounds  except  CF3OOCI  were 
recorded  on  a  JASCO  R300  laser  Raman  spectropho¬ 
tometer.  The  spectra  of  all  the  CF3OOX  compounds 
were  recorded  on  a  system  consisting  of  a  Spex  14018 
double  monochromator,  a  detection  system  consisting  of 
the  RCA  C31034  photomultiplier  held  at  -30  °C  by  a 
thermoelectric  cryostat  and  the  PARC  1 140  AC  quan¬ 
tum  photometer,  and  homemade  sample  illumination 
optics.25  Depolarization  ratios  were  determined  by 
method  IV  of  Claassen  etal.?*  however,  their  /’  has  not 
been  determined  for  the  JASCO  R300  or  the  Spex 
14018  system.  For  the  JASCO  R300,  known 
depolarized  bands  gave  polarization  ratios  between  0.75 
and  0.89;  such  measurements  have  not  yet  been  made 
for  the  Spex  14018  system. 

Raman  spectra  of  CF3OOH  and  CF3OOF  as  gases  at 
ambient  temperature  were  recorded  at  Kansas  State 
University  using  the  514.5  nm  line  of  the  Spectra-Phy¬ 
sics  Model  164-03  argon  ion  laser  and  the  Spex  14018 
system.  The  Spex  1443A  external  resonating  cavity  with 
both  a  commercial  (Cary)  and  a  homemade25  gas  cell 
was  employed.  Power  levels  of  the  laser  were  2. 1-2.2  W. 
Gas  pressures  were  500  and  600  Torr,  respectively,  for 
CF3OOH  and  CFjOOF. 

Spectra  of  gaseous  CF3OF  were  obtained  at  the  Uni¬ 
versity  of  South  Carolina.  Far-IR  spectra  below 
160  cm’1  were  recorded  using  the  Digilab  Model  FTS- 
15B  IR  interferometer  with  6.25  and  12.5  p.m  Mylar 
beamsplitters.  A  cell  of  10  cm  pathlength  with  poly¬ 
ethylene  windows  was  employed.  Raman  spectra  from 
350  cm'1  to  the  Rayleigh  line  were  obtained  using  the 
514.5  nm  line  of  a  Spectra-Physics  Model  171  argon  ion 
laser  and  a  Cary  Model  82  laser  Raman  spectropho¬ 
tometer.  The  Cary  illumination  system  and  standard  gas 
cell  were  employed.  Power  levels  of  the  laser  were 
approximately  4  W  with  a  gas  pressure  of  500  Torr. 


RESULTS  AND  DISCUSSION _ 

General 

The  IR  (gases)  and  Raman  spectra  (liquids)  below 
300  cm'1  of  all  compounds  are  shown  in  Figs.  1  and  2. 
respectively.  Additionally,  the  Raman  spectra  of  three 
of  the  gases  are  shown  in  Figs.  3  and  4.  The  observed 
frequencies  are  listed  in  Tables  1  and  2.  Although  our  IR 
data  above  300  cm'1  for  CF3OF  are  in  good  agreement 
with  Wilt  and  Jones,15  between  200  and  300  cm'1  our 
spectrum  differs  in  that  our  peaks  are  25-28  cm'1  higher 
in  frequency  although  the  band  shapes  are  somewhat 
similar.  Our  Raman  data  for  both  CF3OF  and  CFjOCl 
are  consistent  with  those  of  Smardzewski  and  Fox.1* 
Both  the  CF3OX  compounds  have  two  overlapping 
bands  in  the  IR  and  Raman  spectra  between  200  and 


300  200  300  200 

Figure  1.  IR  spectra  below  300  cm  '  ot  gaseous  (a)  CF3OF  at 
438  Torr,  (b)  CF3OCI  at  140  Torr.  (c)  CF3OOH  at  20  Torr.  Id) 
CF3OOD  at  20  Torr.  (e)  CFjOOF  at  160  Torr.  (f)  CF3OOCI  at 
160  Torr.  All  spectra  were  recorded  using  a  15  cm  pathlength  cell 
equipped  with  polyethylene  windows  The  asterisks  (*)  indicate 
bands  due  to  HF,  a  decomposition  product.  CF3OCI  always 
decomposes  slowly  in  the  IR  cell  and  some  vibration-rotation 
bands  of  HF.  COF2  and  SiF4  are  always  detected  along  with  some 
pure  rotational  bands  of  HF. 


300  cm'1.  Initially  we  assumed,  following  Smardzewski 
and  Fox,1*1  that  both  were  CF3  rocking  modes,  ptCFji. 
with  the  one  in  the  A'  symmetry  block  being  stronger  in 
the  Raman  and  weaker  in  the  IR.  Our  normal  coor¬ 
dinate  analysis23  24  leaves  little  doubt  that  the  two  rock¬ 
ing  modes,  p(CF3),  are  far  apart,  with  the  one  in  the  A" 
symmetry  block  for  CF3OX  under  C,  symmetry  being  in 
the  surprisingly  high  frequency  range  of  400-500  cm  ' . 


300  200  20C  i0C  243  45 


Figure  2.  Raman  spectra  below  300  cm'  of  liquid  la)  CF,OF  at 
-196'C.  lb)  CF,OOF  at  -60  'C.  (cl  CF,OCI  at -196  C.(dlCF,OOCi 
at  -20 "C,  (a)  CF3OOH  at  -30  C.  If)  CFjOOD  at  0  SC  Soectra  la) 
and  Ic)  were  recorded  on  the  Jasco  R300  and  the  remaining 
spectra  were  recordec  on  the  Spex  14018  Raman  spectropho 
tometer  The  temperatures  listed  are  the  coolant  bath  tempera¬ 
tures  in  the  low  temperature  cell.  In  id)  the  mam  spectrum  shows 
both  polarisations,  the  inset  spectrum  was  scanned  using 
different  instrumental  parameters  m  order  to  reveal  the  weak 
features  at  204.  ISO  and  80  cm 
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Figure  3.  Reman  spectra  below  300  cm~'  of  gaseous  la)  CF]00F 
at  600  Torr,  (b)  CFjOOH  at  500  Torr.  These  spectra  were  recorded 
with  the  Spex  14018  Raman  spectrophotometer. 


The  lowest  frequency  Raman  bands  in  the  liquid  are  at 
144  cnT'  and  122  cm"1  for  CF3OF  and  CFjOCl, 
respectively.  Since  these  frequencies  ,  while  low  for 
rocking  vibrations,  seemed  high  for  the  CF3  torsions,  we 
initially  suggested  by  analogy  to  CHj  torsions2’-29  that 
the  possibility  of  Ac  =*  2  transitions  with  anomaly  high 
depolarization  ratios  be  considered.35  34  However,  the 
microwave  investigation  of  CF3OF  by  Buckley  and 
Weber17  strongly  supports  the  assignment  of  the  lowest 
frequency  in  Tables  1  and  2  to  t(CF3),  not  2r(CF3).  They 
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Figure  4.  Raman  spectrum  from  350  to  60  cm  ’  of  gaseous 
CFjOF  This  spectrum  was  recorded  on  a  Cary  82  Raman  spec¬ 
trophotometer  with  a  spectral  bandwidth  of  4cm"' . 


have  shown17  that  the  vibrational  satellite  lines  have  0.4 
times  the  intensity  of  the  ground  state  lines  in  the 
microwave  spectrum  of  gaseous  CF3OF  at  194  K.  This 
ratio  is  in  good  agreement  with  a  population  ratio  of  0.38 
if  the  v  =  1  state  in  the  torsional  mode  is  132  cm"1  above 
the  t’  =  0  state.  If  the  band  at  132  cm"1  were  due  to  a 


Table  I.  Observed  frequencies  (in 

cm"')  below  300  cm 

Raman 

at  moderate  resolution 

IR 

Compound 

0ss“ 

Liquid* 

Ar  mAtn** 

On' 

Aaaignmant* 

CFjOF 

272 

259  p 

256 

278  sh 

p(CFj)  (A  ) 

246 

285  sh? 

252 

2r(CFj)  (A  ) 

a  127 

144  wp/dp 

HCFj)  (A) 

CFjOCI 

220  p 

239 

233 

p(CFj)  (A  ) 

233  sh? 

220  sh?? 

2r(CFj)  (A  ) 

122  wp/dp 

r(CF,)  (A) 

CFjOOH 

290 

275  p 

p(CFj)  (A  ) 

246 

244* 

r(OH)  (A") 

142 

155  wp/dp 

r(CFj)  (A") 

CFjOOO 

273  p 

p(CFj)  (A  ) 

179'“ 

HOD)  (A  ) 

155  wp/dp 

HCFj)  (A") 

CF,OOF 

280 

283  p 

278 

p(CFj)  (A  ) 

132" 

147  wp/dp 

r(OF)  (A") 

78  wp/dp 

r(CF,)  (A") 

CFjOOCI' 

288  p 

259 

p(CFj)  (A  ) 

204  p? 

2r(CFj)*r(OCI)(A) 

150  wp/dp? 

2r(CF3)  (A  ) 

80  p? 

HCFj)  (A") 

“These  symbols  are  based  on  C,  symmetry.  Only  the  CF30X  compounds  have  C,  symmetry  (Ref  16)  CFjOOH  and  CFjOOD  only  fail  to 
have  C,  symmetry  by  having  a  light  atom  off  the  FC00  plane,  but  CFjOOF  and  CFjOOCI  definitely  have  only  C,  symmetry  (Ref.  21). 
“The  data  for  CF,OF  is  by  Smardzewski  and  Fox  (Ref.  18).  The  data  for  CF300H  and  CFjOOF  are  from  this  work  using  the  Spex  14018 
system. 

c  The  frequencies  for  the  CFjOX  compounds  and  the  polarization  information  (p  or  wp/dp)  for  all  compounds  are  from  the  JASCO  R300 
system.  The  frequencies  for  the  CFjOOX  compounds  are  from  the  Spex  14018  system. 

“  Thee#  data  are  from  Smardiewski  and  Fox  (Ref.  18)  at  8  X. 

“These  data  are  from  the  Perkin-Elmer  180  so  the  region  below  160cm'1  is  not  accessible. 

’  This  band  is  so  intense  for  CFjOOH  that  the  region  from  200  to  300  cm'  ’  is  obscured  even  in  the  case  of  CFjOOD  with  some  unreacted 
CFjOOH.  Consequently,  it  is  impossible  to  observe  the  weaker  CF,  rocking  mode  expected  between  250  and  300  cm '  ’ 

“The  mid-point  of  a  doublet  seen  at  higher  resolution  at  124  and  183cm"  is  taken  as  179cm"’  for  r(OD). 

”  Since  the  gas  phase  decomposition  CFjOOF  •»CF4-0j  occurs  easily  in  the  laser  beam,  the  region  below  -180  cm'1  is  complicated  by 
the  pure  rotational  Raman  spectrum  of  Oj.  ft  is  possible  to  identify  this  band  as  belonging  to  CFjOOF.  but  the  region  below  80  cm  1  is 
hopelessly  obscured  and  it  is  not  possible  to  find  the  gas  phasa  frequency  for  the  band  at  78  cm ' 1  in  the  liquid. 

The  bend  at  295  cm ' 1  in  the  Raman  soectrum  of  liquid  CFjOOCI  is  the  most  intense  band  in  the  spectrum  and  has  been  assigned  to  the 
OOCI  bend  (Refs  25. 26)  It  is  not  included  in  this  table  since  it  is  not  involved  in  our  discussion  of  the  CFj  and  OCI  torsions  and  theCFj  rock. 
A  weak  shoulder  near  290  cm  in  the  IR  spectrum  of  gaseous  CFjOOCI  also  assigned  to  the  OOCI  bend  >s  not  included  in  this  table  either 
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Table  2.  Raman  spectral  data*  (300-50  cm'1)  for  gaseous 


CF,OF 

*• 

Observed 

Caicuiataa* 

Assignment 

290] 

281  1 

278  f 

p(CFj)  (A') 

271  J 

254 

253.1 

2-0 

riCPjHA) 

247 

248.0 

3-1 

r(CFj)  (A') 

242 

242.7 

4-2 

r(CFjHA') 

238 

237.0 

5-3 

r(CF  ,)<A‘) 

231 

231.1 

6-4 

f  (CFj)  (A  ) 

-132  vs,  brd,  dp 

127.8 

1-0 

r(CFj)  (A') 

*  All  the  lines  from  230  to  290  cm'1  are  polarized. 

"The  torsional  transitions  were  calculated  with  a  Vj  «  1625  cm  '' 
and  an  F  number  of  1.217  cm-1. 


0-*2  transition,  then  the  0-»l  transition  would  be 
67.5  cm"1  giving  a  population  ratio  of  0.61  at  194  K. 
This  assignment  then  accounts  for  the  two  overlapping 
bands  between  200  and  300  cm'1  as  ptCFj)  and 
2r(CF3). 

For  both  the  CF3OX  compounds  the  choice  of  pi  CFj  i 
and  2r(CFj)  for  the  bands  between  200  and  300  cm  1  is 
ambiguous.  In  Table  l  we  suggest  278  cm  1  and 
233  cm"1  for  p(CF3)  in  gaseous  CF3OF  and  CFjOCI, 
respectively.  However,  the  frequencies  in  the  gas  phase 
are  higher  than  the  frequencies  in  the  condensed  phase, 
contrary  to  normal  expectations.'7  In  general,  low 
frequency  modes  tend  to  increase  in  frequency  upon 
condensation  in  contrast  to  stretching  modes  which  tend 
to  decrease  in  frequency  upon  condensation.  Another 
surprising  feature  is  that  the  252cm"1  band  is  more 
intense  than  the  278  cm"1  band  in  the  IR  spectrum  of 
gaseous  CF3OF.  It  is  possible  that  the  278  cm"1  band  is  a 
part  of  a  contour  of  a  p(CFj)  mode  between  220  and 
300cm"1  with  a  center  near  265  cm"1,  and  super¬ 
position  of  2t(CF3)  near  250  cm"1  causes  an  apparent 
maximum  at  252  cm"1.  The  higher  resolution  Raman 
spectrum  of  gaseous  CFjOF,  treated  in  detail  later  in  this 
section,  was  recorded  to  investigate  this  possibility. 

In  the  low  frequency  Raman  spectra  in  an  argon 
matrix,18  only  one  band  occurs  for  both  CF3OF  and 
CF3OCI;  we  assume  this  band  is  p(CF3).  However,  since 
the  argon  matrix  is  too  highly  scattering  to  permit 
sufficient  approach  to  the  Rayleigh  line  for  observation 
of  t(CFj),  there  is  no  opportunity  to  confirm  the 
assignment  of  this  single  Raman  line  to  piCF})  because 
the  frequency  of  this  line  is  not  significantly  different 
from  the  2t(CF3)  frequency.  Since  matrix  shifts  from  the 
gas  are  often  only  a  few  wavenumbers,  the  single  matrix 
frequency  assumed  to  be  p(CF3)  matches  better  with  the 
252  cm"1  band  in  the  IR  spectrum  of  gaseous  CFjOF, 
but  we  have  chosen  to  assign  p(CF3)  to  the  higher 
frequency  band  at  278  cm"1.  For  gaseous  CFjOCI  the 
use  of  233  cm"1  as  p(CFj)  can  be  justified  since  the 
233  cm"1  IR  band  is  more  intense  than  a  possible 
shoulder  at  220cm"1.  Also,  233cm"1  is  closer  to  the 
argon  matrix  frequency  which  usually  approximates 
gas  frequencies  more  closely  than  liquid  frequencies. 


Analysis  of  the  Raman  spectrum  of  gaseous  CFjOF 
(50-350  cm"1) 

The  Raman  spectrum  (50-350cm  _1 )  of  gaseous  CFjOF 
is  shown  in  Fig.  4.  The  mode  nCFji  gives  rise  to  the  very 
broad,  strong  Raman  line  which  appears  to  be  centered 
at  about  132  cm"1;  this  band  is  clearly  depolarized.  The 
band  has  the  same  appearance  as  those  observed  for  the 
CF3  torsions  in  the  CFjCHjX  compounds.50  In  addition 
to  this  broad  depolarized  band,  there  are  two  weaker 
polarized  lines  centered  at  254  and  ~280cm"'.  The 
higher  frequency  band  has  apparent  O-branches  at  290, 
281, 278  and  271  cm"1  whereas  the  lower  frequency  line 
is  made  up  of  a  series  of  O-branches  beginning  at 
254  cm"1  with  subsequent  O-branches  at  247,  242  and 
231  cm"1  and  possibly  at  238  cm'1.  These  O-branches 
have  decreasing  intensity  with  decreasing  frequency  and 
the  band  appearance  is  similar  to  the  CF3  torsional 
overtones  for  the  CF3CH3X  compounds.5"  Therefore 
we  initially  assigned  the  O-branches  at  254,  247  and 
252  cm"1  to  the  2«-0,  3«-  1.  and  4*- 2  torsional  energy 
level  transitions  (see  Table  2). 

These  observed  Raman  lines  for  the  torsional  over¬ 
tones  (Ac  =  2)  were  used  to  calculate  the  potential 
terms,  V}  and  14,  of  the  internal  rotation  Hamiltonian: 

H  =  FpM[  V'3(l  -  cos  30)  +  V4(  1  -  cos  60)] 

by  utilizing  a  computer  program  previously  described' 
so  that  the  calculated  differences  in  the  torsional  energy 
levels  reproduced  the  observed  double  jump’  frequen¬ 
cies.  70  sine  and  70  cosine  functions  were  used  as  a  basis 
set.  The  F  number  can  be  considered  as  the  reciprocal  of 
an  effective  mass  for  the  torsional  vibration.  It  is  defined 
as 


F  =  /j'l8rr:r,[/t)(  1  -  I  A’/,//,)]"1 

where  l*  is  the  moment  of  inertia  of  the  internal  (CFj) 
top.  and  Ae  is  the  cosine  of  the  angle  between  the  top  axis 
and  the  gth  principal  axis  of  the  entire  molecule.  With 
the  structural  parameters  obtained  from  the  electron 
diffraction  study,11’  an  F  number  of  1.217  cm'1 
(13.85  amu  A:)  was  calculated.  With  this  F  number  and 
the  first  five  observed  double  jumps,  a  V3  of  1625  = 
21  cm"'(4.64  kcal  mol"1 1  was  calculated  and  thel  „ 
term  had  a  value  of  -20=8  cm"1.  The  fit  of  the  observed 
and  calculated  transitions  is  shown  in  Table  2. 

Torsional  vibrations  in  CF3OCI  and  the  CFjOOX 
series 

Since  it  has  not  been  possible  to  obtain  Raman  spectra  of 
gaseous  CFjOCI,  it  must  be  treated  by  analogy  to 
CFjOF.  Assuming  a  10%  decrease  in  r(CFj)  upon  going 
from  the  liquid  (122  cm"1),  we  place  r(CF3)  near 
110  cm"1  for  gaseous  CFjOCI.  Thus,  the  IR  band  at 
233  cm"1  in  gaseous  CFjOCI  seems  sufficiently  removed 
from  2r(CF3)  and  therefore  can  be  most  reasonably 
assigned  as  p( CFj).  The  band  in  the  argon  matrix  at 
239  cm'1  is  then  most  reasonably  assigned  as  ptCFjt  as 
in  Table  1.  This  result  is  consistent  with  our  view 
expressed  earlier  that  the  single  band  between  200  and 
300  cm  '1  in  the  Raman  spectra  of  CFjOF  and  CFjOCI 
in  the  argon  matrix  is  probably  p(CF3). 
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TORSIONAL  VIBRATIONS  FOR  SOME  CF,OX  AND  CF.OOX  MOLECULES 


Our  normal  coordinate  analysis'’'24  yields  a  potential 
energy  distribution  in  which  a  110  cm  1  frequency  is 
96%  r(CFi).  Using  a  reasonable  geometry  for 
CFjOCl,"’'24  r(CFj)  near  1 1 0  cm ' 1  corresponds  to  a  V, 
near  4.2  kcal  mol"1.  This  value  is  in  reasonable 
agreement  with  the  barrier  in  CFiOF  but  much  larger 
than  values  for  several  CF  j  rotors  in  other  C,  molecules 
such  as:  CFjCtOlH  and  CFjCiOlD,  between  0.5  and 
0.9  kcal  mol"1;”*  CFjGOlF,  1.4  kcal  mol1;'" 

CFjClOlCl.  1.7  kcal  mol" ,;,K  CF,NO.  0.4  kcal  mol  '."' 
For  CHj  rotor  analogies  to  the  CFj  rotors  already 
mentioned,  the  results  for  Vj  are:  CHjGOiH. 
1.2  kcal  mor1;40  CHjGO)F.  1.0  kcal  mor1;40 

CHjGOlCl,  1.3  kcal  mol'1;40  CHjNO,  1.1  kcal 
mol  '.41  The  values  of  Vj  for  the  CHj  rotor  minus  the 
values  of  V’j  for  the  corresponding  CFj  rotor  range  from 
-0.7  kcal  mol'1  to  +0.4  kcal  mol'1.  Assuming  CHj  and 
CFj  rotors  with  identical  frames  will  have  differences  in 
V’3  values  within  this  range,  a  V’j  value  of 
3.1  kcal  mol'1  40  for  CHjOCI  would  predict  a  V,  value 
of  2. 4-3. 5  kcal  mol'1  for  CFjOCl.  Thus,  a  V’j  value  for 
CFjOCl  above  3.0  kcal  mol'1  is  plausible  and  a  value 
above  4.0  kcal  mol'1  does  not  seem  unreasonable. 

For  the  CFjOOX  series  the  region  200-300  cm1  is 
somewhat  different.  Gaseous  CFjOOH  and  CFjOOD. 
containing  some  CFjOOH.  both  have  very  intense  IR 
bands  at  244  cm'1  due  to  r(OH)  which  completely 
obscures  the  200-300 cm'1  region.  Gaseous  CFjOOF 
has  one  IR  band  at  278  cm'1  which  is  assigned  to  piCF.t 
and  the  corresponding  Raman  bands  at  280  cm  '1  (gasl 
and  283  cm  1  (liquid)  are  similarly  assigned.  Gaseous 
CFjOOCl  has  one  IR  band  at  259  cm  1  which  is  as¬ 
signed  to  p(CFj)  and  the  corresponding  Raman  band  in 
the  liquid  at  266  cm'1  is  similarly  assigned.  Liquid 
CFjOOCl  has  its  strongest  Raman  band  at  295  cm'1 
with  a  surprisingly  weak  corresponding  IR  shoulder  near 
290  cm*1.  These  bands  are  assigned  as  the  OOC1  bend 
and  were  not  included  in  Table  1. 

In  the  Raman  spectra  of  liquid  CFjOOH  and 
CFjOOD  there  are  bands  at  275  and  273  cm  respec¬ 
tively,  and  at  155  cm'1  in  the  spectra  of  both.  Assuming 
that  the  OH  and  OD  torsions  would  be  weak  and 
broadened  in  the  Raman  spectra  of  the  liquids,  we  assign 
the  bands  near  275  cm'1  to  p(CFj)  and  the  bands  at 
155  cm-1  to  r(CFj),  in  analogy  to  CFjOF.  The  Raman 
spectrum  of  gaseous  CFjOOH  has  bands  at  246  and 
142cm'1  and  a  weak  band  at  290cm’1  which  are 
assigned  as  r(OH).  -(CFj)  and  p(CFj),  respectively.  For 
gaseous  CFjOOH  it  would  be  possible  to  assign  the 
Raman  band  at  290  cm  ' 1  as  2  r(CF  i )  rather  than  pi  CF j ) 
although  290cm'1  is  greater  than  twice  142cm'1 
Inspection  of  the  gas  phase  Raman  spectrum  shows  that 
there  could  be  a  band  near  270  cm'1  as  well.  This 
270  cm"1  band,  close  to  the  Raman  frequency  of 
275  cm"1  in  the  liquid,  could  be  ptCFj).  However,  we 
prefer  to  assign  the  290  cm  'band  as  pt  CF  j  i  and  assume 
2r(CFj)  is  too  weak  to  be  observed  or  gives  rise  to  the 
questionable  band  near  270  cm1.  For  the  Raman  spec¬ 
tra  of  liquid  CFjOOH  and  CFjOOD  where  hCFj)  is 
155  cm  ,  there  could  be  additional  bands  near 
300cm"1  due  to  2rCFj).  Thus,  the  CFjOOH  and 
CFjOOD  Raman  spectra  are  consistent  with  the 
presence  of  weak  bands  due  to  2  nCFj)  overlapping  the 
ptCFj)  region  both  in  the  liquid  and  gaseous  samples,  in 
analogy  to  the  CFjOX  compounds.  However,  the  situa- 
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tion  is  not  nearly  as  well  defined  as  for  CFjOF.  The  shift 
of  nCHji  from  155  cm  1  in  the  liquid  to  142  cm  1  in  the 
gas  in  the  spectra  of  CFjOOH  is  10%,  which  is  consis¬ 
tent  with  the  similarobservation  for  CFjOF.  Our  normal 
coordinate  analysis'*  has  a  potential  energy  distribution 
in  which  the  142cm  1  frequencv  is  95%  nCFj)  in 
CFjOOH. 

In  the  Raman  spectrum  of  liquid  CFjOOF,  bands  are 
observed  at  283,  147  and  78  cm  1  and  are  assigned  to 
p(CFj).  rtOF)  and  nCFj),  respectively.  The  Raman 
spectrum  of  gaseous  CFjOOF  contains  bands  at 
280  cm'1  and  132  cm  '  which  are  assigned  to  ptCFj) 
and  rtOF),  respectively.  For  liquid  CFjOOF  it  would  be 
possible  to  assign  the  Raman  band  at  283  cm  '  as 
2nOF)  rather  than  o(CFj)  on  the  basis  that  it  is  close  to 
two  times  147  cm  ,  but  then  there  is  no  band  below 
300cm'1  for  p(CFj).  In  gaseous  CFjOOF  the  Raman 
band  at  280  cm  1  is  too  far  from  twice  132  cm  1  to  be 
2riOF).  For  liquid  CFjOOF  it  would  be  possible  to 
assign  the  Raman  band  at  147  cm  1  as  2riCFj)  rather 
than  r(OF)  on  the  basis  of  twice  78  cm  1 .  but  then  there 
is  no  band  for  assignment  to  nOF).  It  is  possible  that 
weak  bands  corresponding  to  2r(OF)  and  2r(CFji  may 
underlie  p< CFj)  and  riOF).  respectively,  but  no  obvious 
evidence  for  this  appears  in  the  spectra  in  Fig.  2.  It 
should  be  pointed  out  that  the  spectrum  is  badly 
obscured  by  the  pure  rotational  Raman  spectrum  of  O; 
from  the  decomposition  of  CFjOOF  to  CFj  and  O;. 
However,  on  the  basis  of  the  intensity  of  the  132  cm' 1 
Raman  line,  we  believe  it  is  not  due  to  the  rotational 
spectrum  of  Oj.  It  appears  to  shift  to  147  cm  1  with 
liquefaction.  It  is  not  possible  to  get  sufficiently  close  to 
the  Rayleigh  line  to  search  for  the  gas  phase  Raman 
band  corresponding  to  the  band  at  78  cm  ^  in  the  liquid. 
By  analogy  to  CFjOF  and  CFjOOH  we  reduce  the 
Raman  frequency  of  78  cm'1  in  the  liquid  by  10%, 
which  gives  70  cm  1  as  an  approximation  to  the  gas 
phase  value  for  riCFji.  Our  normal  coordinate  analysis 
has  a  potential  energy  distribution  in  which  the  70  cm  1 
frequency  is  95%  riCFjt  but  the  132  cm  1  frequency  is 
only  70%  r(OF)  with  10%  each  from  changes  in  the 
FCO  and  COO  angles  in  CFjOOF.'5"'’ 

The  assignment  of  bands  between  200  and  300  cm  1 
in  the  Raman  spectrum  of  liquid  CF-.OOC1  has  already- 
been  given.  Liquid  CFjOOCl  does  not  have  any  Raman 
bands  below  200  cm'1  that  are  as  prominent  as  those  in 
CFjOOH.  CFjOOD  and  CFjOOF;  however,  there  are 
very  weak  bands  at  80,  150  and  204  cm  Depolariza¬ 
tion  results  are  uncertain  but  the  80  and  204  cm' 1  bands 
appear  to  be  polarized.  We  suggest  the  following  very- 
tentative  assignments:  80  cm1  as  rtCFj),  150  cm'1  as 
2r(CFj)  and  204cm"1  as  2riCFj)  +  riOCl).  With  the 
coolant  bath  at  -20  JC  in  the  low  temperature  cells  we 
expect  only  transitions  from  the  vibrational  ground  state 
of  CFjOOCl  to  be  observed.  These  Raman  bands  could 
be  nCFj),  rtOCl)  and  one  nonfundamental  or  two 
nonfundamentals  and  either  riCFji  or  riOCl).  Since 
CFjOOH  and  CFjOOCl  have  the  same  C — O  and 
0—0  bond  lengths.''  we  jssume  that  they  have  similar 
force  constants  for  the  CFj  torsion.  Since  CFjOOF  has  a 
shorter  0—0  and  a  longer  C— O  bond  than  CFjOOH 
and  CFjOOCl.  we  use  the  values  of  the  force  constants 
for  the  CFj  torsions  in  CFjOOH  and  CFjOOF  to 
establish  a  probable  limiting  range  of  force  constant 
values  for  the  CFj  torsion  in  CFjOOCl.  Using  this 
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range25  26  of  0.02-0.01  mdyne  A  rad'2  and  the  treat¬ 
ment  of  Fateley  and  Miller,  2  the  range  of  t(CF3)  in  the 
gas  phase  is  60-87  cm-1.  Reducing  the  liquid  frequency 
by  10%  gives  72  cm'1  for  the  CF3  torsion  in  gaseous 
CFjOOCl. 

Since  CFjOOF  has  a  shorter  0—0  bond2'  than 
CF3OOCI  and  CFjOOH,  we  assume  that  the  force 
constant  for  the  OC1  torsion  in  CFjOOCl  is  much 
smaller  than  the  force  constant  for  the  OF  torsion  in 
CFjOOF  which  is  in  analogy  to  the  force  constant  for  the 
OH  torsion  in  CFjOOH,  being  smaller  than  the  force 
constant  for  the  OF  torsion  in  CF3OOF.  Thus,  with  a 
much  smaller  force  constant  for  the  OX  torsion  and  a 
much  larger  X  mass  and  reduced  moment  of  inertia  for 
internal  rotation,  CF3OOCI  would  be  expected  to  have 
r(OCl)  in  the  gas  phase  much  lower  than  132  cm-1  for 
t(OF)  in  gaseous  CF3OOF.  Then  the  bands  at  204  cm " 1 
and  150  cm'1  in  the  Raman  spectrum  of  liquid 
CF3OOCI  are  not  fundamentals  and  the  band  at 
80  cm'1,  estimated  to  be  72  cm'1  in  the  gaseous  state,  is 
either  r(CFj)  or  r(OCl).  As  indicated  above,  the  choice 
is  t(CF3),  in  order  to  keep  the  force  constant  for  the  CFj 
torsion  in  the  probable  limiting  range  of  0.02- 
0.01  mdyne  Arad'2.  The  150cm"1  band  may  then  be 
assigned  to  2r(CF3)  with  the  204  cm'1  band  assigned  as 
2t(CFj)  +  t(OC1). 

Therefore,  with  2r(CF3)  + r(OCl)  =  204  cm  1  and 
2r(CF3)=  150  cm'1,  one  obtains  54  cm"1  for  -(OC1) 
and  a  10%  reduction  gives  49  cm"1  for  this  mode  in  the 
gas  phase.  The  admittedly  uncertain  polarization  data 
are  somewhat  disturbing,  but  other  unexpected 
polarization  results  have  also  been  observed  in  CFjOOF 
and  CFjOOCl.25  26  Under  C,  symmetry,  r(CFj)  and 
2r(CFj)  +  r(OCI)  would  be  depolarized  and  2r(CF3) 
would  be  polarized.  Our  uncertain  polarization  data 
make  r(CF3)  and  2rtCF3)  +  r(OCl)  appear  to  be 
polarized  while  2r(CF3)  is  only  weakly  polarized.  Such  a 
result  is  possible  under  the  G  symmetry  that  CF3OOCI 
possesses;  however,  in  CFjOOF,  which  is  also  of  Ct 
symmetry,  both  r(CFj)  and  r(OF)  are  so  weakly 
polarized  as  to  be  indistinguishable  from  being 
depolarized.  We  would  have  expected  similar  behavior 
in  CF3OOCI;  perhaps  the  large  angles  of  twist  in  the  two 
CF3OOCI  conformers21  may  contribute  to  this  result. 
Our  normal  coordinate  analysis  has  a  potential  energy 
distribution  in  which  the  72  cm"1  frequency  is  82% 
t(CF3)  with  a  10%  contribution  from  t(OC1)  and  a  5% 
contribution  from  the  OOC1  bend.  The  49  cm"1  band  is 
84%  r(OCl)  with  a  12%  contribution  from  r(CFj).25  26 

The  force  constant  values  2,  26  for  the  CF3  and  OX 
torsions  can  be  used  to  estimate  rotational  barriers  from 
the  relation  V„  =  (2 KJn1),  The  general  term  in  the  full 
form  of  the  potential  energy  as  a  function  of  the  internal 
torsional  angle  6  may  be  expressed  as 

V 

V(0)*  — (1  -cosn  R  (1) 


Using  a  MacLaurin  series  expansion  for  small  6  gives 

V(0)=  V„(n/2)"V  (21 

For  a  simple  harmonic  potential  where  K„  is  a  torsional 
force  constant 

Vm  =  iKJ2)0z  (31 

Equating  coefficients  of  like  terms  between  Eq.  (2)  and 
(3)  gives 

V„={2KM/n2)  (4) 

For  V(0)  in  kcal  mol'1  and  0  in  radians,  the  units  of  V'„ 
must  be  kcal  mol"1  rad"".  If  K„  is  in  mdyne  A  rad  2 
molecule'1,  a  conversion  factor  of  143.9  kcal  mol" !. 
equivalent  to  1  mdyne  A  rad"2  molecule  ',  is  needed 
and  the  2  on  the  right-hand  side  of  Eq.  (4)  becomes 
287.9.  The  final  working  equation  is 

V'„(kcal  mol'1  rad'2)  =  (287,9/«2)/m 

(mdyne  A  rad"2  molecule'1 )  (5i 

The  use  of  this  equation  requires  consideration  of  the 
details  of  the  programs  used  in  the  normal  coordinate 
analysis.  We  used  the  GMAT  program  of  Schacht- 
schneider.4'  For  the  CF3  torsion  where  n  =  3,  the 
substitution  n  =  3  on  the  right-hand  side  of  Eq.  (5)  has 
already  been  taken  into  account  in  GMAT  by  having 
three  rows  for  the  coordinate,  so  ;i  =  1  must  be  used  to 
give  Uj  =  287.9/C  in  Eq.  (5).  For  the  OX  torsion 
GMAT  has  only  one  row  for  the  coordinate,  so  n  =  2  is 
used  in  Eq.  (5)  to  give  V:  =  (287.9/4 l/s*. 

For  the  CF3  torsion  the  results  for  V\  are:  CF3OF, 
4.8  kcal  mol1;  CF3OCI,  4.6  kcal  mol'1;  CFjOOH, 
6.0  kcal  mol'1;  CF3OOF,  2.9kcalmol"';  and 
CFjOOCl.  3.7  kcal  mol'1.  For  the  OX  torsion  the 
results  for  V-  are:  CF3OOH.  2.5  kcal  mol1;  CFiOOD. 

2.5  kcal  mol"1;  CF,OOF.  17kcal  mol1 ;  and  CF,OOCI. 

3.6  kcal  mol'1.  The  values  of  3. 0-6.0  kcal  mol"1  for  the 
CF3  rotational  barrier  are  consistent  with  the  earlier 
report44  of  5.4  kcal  mol"1  in  (CFjtjO;  but  much  higher 
than  the  more  recent  value'1  of  0.73  kcal  mol"1.  The 
values  for  the  OX  rotational  barrier  for  CF-.OOH  and 
CF3OOCI  are  similar  as  might  be  expected.  For 
CFjOOF  the  result  is  much  larger  but  still  well  below  the 
value  for  0:F;.  This  is  consistent  with  the  chemical 
evidence  that,  while  CF3OOF  departs  significantly  from 
the  other  more  typical  peroxides  in  the  direction  of  the 
anomalous  compound  0;F;,  CFjOOF  is,  nevertheless, 
more  like  H;0:  or  CF3OOH  than  like  0;F:.21 
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The  IR  spectra  (1400  cm'1  to  160  cm'1)  of  the  gases  at  ambient  temperature  and  the  Raman  spectra  (below 
1400  cm"1)  of  the  liquids  near  -196 °C  are  reported  for  CF,OF  and  CF,OCI.  All  fundamentals  are  assigned 
under  C,  symmetry  and  the  results  of  a  normal  coordinate  analysis  are  presented.  The  assignments  of 
Smardzewski  and  Fox  are  adopted  with  one  exception  for  both  CF  ,OF  and  CFjOCI:  (he  CF,  rock  of  .4  symmetry 
is  assigned  near  430  cm'1  and  the  two  bands  between  200  cm  ' '  and  300  cm' '  are  assigned  to  an  .4  ’  fundamental, 
involving  CF,  rocking  and  COX  bending  and  a  A v  =  2  transition  in  the  CF,  torsion.  An  extra  band  at  548  cm'1  in 
the  Raman  spectrum  of  liquid  CF,OCI  near  -196  °C  is  assigned  to  a  CF,OCI---CI.  complex.  The  values  of  the 
force  constants  di OX)  for  CFjOX  molecules  are  suggested  to  be  near  those  for  X.O  molecules.  .More  than  half 
the  normal  modes  of  .4'  symmetry  show  extensive  mixing  of  symmetry  coordinates.  In  some  of  these  cases  the 
sy  mmetry  coordinate  for  which  the  normal  mode  is  named  is  the  largest  but  not  the  dominant  contributor  to  the 
potential  energy  distribution,  while  in  others  this  symmetry  coordinate  is  not  even  the  largest  contributor  to  the 
potential  energy  distribution.  No  normal  modes  of  4'  symmetry  are  present  in  which  riCO),  o.iCF,).  d(COX). 
orp(CFj)  symmetry  coordinates  are  dominant,  and  the  mode  conventionally  labeled  as  imCO)  should  be  labeled 
as  i>,(CFj).  For  the  remaining  A'  normal  modes  and  all  the  .4*  normal  modes,  the  symmetry  coordinate  for  which 
the  normal  mode  is  named  is  dominant  in  the  potential  energy  distribution. 


INTRODUCTION 


Trifluoromethyl  hvpofluorite,  CF3OF,  is  an  important 
reagent  in  the  synthesis  of  organic  and  inorganic  fluorine 
compounds.1  Trifluoromethyl  hypochlorite,  CFjOCI.  is 
the  first  member  of  the  chloroxy  perfluoroalkane  series 
and  molecules  known  to  readily  undergo  free  radical 
reactions  form  derivatives  of  CFjOCI  in  which  the 
CFjO  group  is  retained.'  CFjOF  has  been  studied  by 
IR  and  Raman  spectroscopy,  1  electron  diffraction' 
and  microwave  spectroscopy."  The  preparation, 
identification  and  characterization  of  CFjOCI  included 
IR  spectra  only.:'7  More  recently,  Raman  spectra  of 
both  CFjOF  and  CFjOCI  diluted  in  argon  matrices  at 
8  K  and  of  gaseous  CFjOF  at  ambient  temperature  have 
been  reported.8 

As  a  prelude  to  investigations  of  the  structure  of  the 
CFjOOX  series  <X  =  H,  D,  F.  Cl)  by  vibrational  spec¬ 
troscopy,9  electron  diffraction"’  and  microwave  spec¬ 
troscopy,1  1  we  reinvestigated  the  IR  and  Raman  spectra 
of  CFjOF  and  CF3OCI.  While  this  work  was  in  progress, 
the  contribution  by  Smardzewski  and  Fox8  appeared 
and  complemented  our  results.  Considerations  about 
AiJ  =  2  transitions  in  the  CF3  rotor1'  analogous  to  the 
CH3  rotor'*'15-16  have  arisen  and  the  final  results  are 
being  reported  separately.1  Concurrently,  our  work 
with  the  CFjOOX  series  has  been  completed'8  and  is 

*  Present  address:  Department  of  Chemistry.  Melbourne  Uni¬ 
versity.  Parkville.  Victoria  3052.  Australia. 

c  Present  address  IBM  Corporation.  Tucson.  Arizona.  USA. 


being  reported  separately.19  The  present  paper  sum¬ 
marizes  our  complete  results'"  for  the  assignments  and 
normal  coordinate  analysis  of  CF-.OF  and  CFjOCI. 


EXPERIMENTAL 


CFjOF  and  CFjOCI  were  prepared  at  Kansas  State 
University  by  the  cesium  fluoride  catalyzed  addition  of 
F;  and  C1F.  respectively,  to  COF:.'1  Purification  was 
normally  by  vacuum  line  distillation  CFsOF  was 
contaminated  w  ith  CFjiOFu  whose  separation  required 
low  temperature  gas  chromatography. 

Mid-IR  spectra  1 4000- 160  cm  ’  ‘  1  of  the  gases  were 
recorded  at  Kansas  State  University  with  a  Perkin- 
Elmer  Model  180  IR  spectrophotometer.  Cells  of  10  cm 
path  length  with  AgCI  windows  and  15  cm  path  length 
with  polyethylene  windows  were  used  in  the  regions 
4000-400  cm " 1  and  650-160  cm1,  respectively  . 

Raman  spectra  of  the  liquids  were  recorded  at  Kansas 
State  University  in  a  low  temperature  cell  similar  in 
design  to  that  of  Brown  er  it.'."  with  the  coolant  bath  at 
-196  ’C  (liquid  N;:  usinga  JASCO  R-300  Laser  Raman 
spectrophotometer.  The  514.5  nm  line  of  a  Spectra 
Physics  Model  164-00  argon  ion  laser  was  used  with 
power  levels  at  the  laser  in  the  range  11)0-300  mW. 
Depolarization  ratios  were  determined  by  method  IV  of 
Claassen  ctal."  Their  f  has  not  been  determined  for  the 
JASCO  R-300;  however,  known  depolarized  bands 
gave  depolarization  ratios  between  0.75  and  0.89. 
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Raman  spectra  of  liquid  CFjOCl  were  also  recorded  at 
Allied  Chemical  Company  using  a  Spex  Ramalog  system 
and  low  temperature  cell  and  the  514.5  nm  line  of  a 
Coherent  Radiation  argon  ion  laser. 


SPECTRAL  RESULTS _ 

The  IR  and  Raman  spectra  below  1400  cm'1  are  shown 
in  Figs  1  and  2.  respectively.  The  frequencies  are  listed  in 
Table  1  along  with  the  complementary  data  of  Smard¬ 
zewski  and  Fox/  In  general,  our  IR  data  for  CF3OF 
agree  well  with  those  of  Wilt  and  Jones.4  However, 
between  300  and  200  cm"1  our  spectra  show  peaks 
25-28  cm  1  higher  in  frequency  but  with  similar  band 
shapes.  Since  our  IR  and  Raman  data  are  self-consistent 
and  in  good  agreement  with  the  Raman  data  of  Smard- 
zewski  and  Fox  for  both  CF3OF  and  CF3OCl,  we 
conclude  that  the  IR  data  of  Wilt  and  Jones  for  CF3OF 
below  300  cm'1  are  in  error  for  reasons  unknown.  Our 
IR  data  for  CF3OCI  above  500  era'1  are  similar  to  the 
results  of  Schack  and  Vlaya:  with  our  sample  appearing 
to  be  of  higher  purity. 


The  assignments  shown  in  Table  1  are  those  of 
Smardzewski  and  Fox*  with  the  exception  of  one  of  the 
CF>  rocking  modes.  We  are  in  complete  agreement  with 
their  reversal  of  the  CO  and  OF  stretching  mode 
assignments  of  Wilt  and  Jones.  Initially  we  had  assumed, 
as  do  Smardzewski  and  Fox,  that  the  two  CF?  rocking 
modes  would  lie  between  200  and  300  cm  .  However, 
our  normal  coordinate  analysis  places  the  two  CF3  rock¬ 
ing  modes  far  apart  with  the  one  in  the  .4"  symmetry 
block  being  in  the  surprisingly  high  frequency  range  of 
400-500 cm"1.  The  lowest  frequency  bands  in  the 
Raman  spectra  of  both  compounds  initially  seemed  high 
to  us  for  the  CF3  torsion  and  we  suggested  they  might  be 
=  2  transitions1*13  analogous  to  C'H3  torsions.  "*'1* 
However,  the  microwave  work  of  Buckley  and  Weber* 
strongly  supports  the  assignments  of  At-  =  1  transitions 
being  responsible  for  these  bands.  Vibrational  satellite 
lines  having  0.4  times  the  intensity  of  the  ground  state 
lines  at  194  K  in  the  microwave  spectrum  of  gaseous 
CFjOF*  are  in  good  agreement  with  a  population  ratio 
of  0.39  if  the  v  =  1  state  in  the  torsional  mode  is 
127 cm"1  above  the  r  =  0  state  'using  the  gas  phase 
Raman  frequency  of  Smardzewski  and  Fox*  of  1 27  cm ' 1 
from  Table  1  for  the  0-»l  transition  in  the  CF3  torsioni. 


Flour*  1.  IR  soectra  (1400-180 cm  ')  of  gaaaous  CF3OF  and  CF3OCI  at  ambient  temperature.  Spectre  lai.  ibi.  lei  and  (f>  are  CF3OC:  and 
spectra  (c),  Id),  Ig)  and  (h)  are  CF30F  Spectra  (a),  (b).  (c)  and  Id)  are  from  a  10  cm  cell  with  AgCI  windows,  Soectra  el  if),  gl  and  ihl  are 
from  a  15  cm  cell  with  polyethylene  window*.  Gas  pressure*  are  as  follows:  (a)  3  torr;  (bl  65  torr;  (c)  3  torr;  id)  161  torr;  (a)  lOOtorr;  f) 
140  torr:  (g)  438  torr:  (h)  438  torr.  The  mid-point  of  the  doublet  whose  more  intense  component  is  labeled  1228  cm  '  me)  >s*t  1222  cm 
and  the  latter  frequency  is  listed  in  Tuble  1  The  band  at  393  cm  '  in  (e)  has  a  contribution  from  the  O  branch  of  the  degenerate 
deformation  of  SiF*  present  as  an  impurity  and  in  nigher  resolution  expanded  scale  spectra  the  SiF,  <2  branch  is  cieariy  resolved 


?  Heyden  ,5c  Son  L'd.  Idhi) 


JOURNAL  of  RAMAN  SPECTROSCOPY  /0L,  9  NO  1.  '960  2J1 


J.  C.  KUO.  D.  D.  DESMARTEAU.  W  G.  FATELEY.  R.  M  HAMMAKER.  C  J  MARSDEN  AND  J  D  WITT 


t  \  j 3  *- 


1000  800  1  600  1  400  200 


‘  looo  ‘  800  1  600  ‘  400  5te  1 

Ax  (cm"') 

Figure  2.  Raman  spectra  (below  1400  cm'1)  of  liquid  CF3OF  and 
CFjOCI  near  -196  3C.  The  CF3OF  sample  contains  a  small  amount 
of  CFj(0F)j.  The  CF30CI  sample  is  believed  to  contain  a  small 
amount  of  Cl2  held  as  a  CF30CI  -  CI2  complex. 


If  the  band  at  127  cm'1  were  due  to  a  0-*2  transition, 
then  the  0-*l  transition  would  be  65  cm'1  giving  a 
population  ratio  of  0.62  at  194  K.  Consequently,  the  two 
overlapping  bands  between  200  and  300  cm"1  may  be 
interpreted  as  the  CFj  rock  in  the  A’  symmetry  block 
and  2r(CFj)A'  (i.e.  a  4v  =  2  transition  in  the  CFj 
torsion).  A  detailed  investigation  of  the  Raman  spec¬ 
trum  of  gaseous  CFjOF  under  higher  resolution 
confirms  this  suggestion  and  is  being  reported 
separately.17 

When  the  IR  band  of  gaseous  CFjOF  with  a  Q  branch 
at  429  cm'1  in  Fig.  1  is  recorded  with  abscissa  expansion 
and  higher  resolution  a  shoulder  at  431  cm'1  is  seen  on 
the  O  branch.  The  corresponding  liquid  Raman  band  at 
436  cm’1  is  polarized  and  so  belongs  in  the  A'  symmetry 
block;  however,  the  presence  of  a  weak  depolarized 
band  a  few  cm  '1  away  can  neither  be  confirmed  nor 
denied  by  the  appearance  of  the  Raman  spectrum  of  the 
liquid.  The  Raman  spectra  of  Smardzewski  and  Fox8  24 
for  CFjOF  in  an  argon  matrix  show  a  single  band  at 
433  cm'1  whose  width  is  comparable  to  that  of  other 
bands  in  the  argon  matrix.  In  our  opinion  their  Raman 
spectra  can  neither  confirm  nor  deny  the  possible 
presence  of  two  fundamentals  separated  by  several 
cm'1.  Initially  we  had  not  tried  to  interpret  the  shoulder 
at  431  cm'1.  However,  we  now  adopt  the  suggestion  of 
our  normal  coordinate  analysis  and  assign  431  cm1  as 
the  CFj  rocking  mode  in  the  A"  symmetry  block. 


Our  Raman  data  for  liquid  CFjOCl  show  a  very  weak 
band  at  430  cm  1  in  every  spectrum  where  the  sensi¬ 
tivity  is  high  enough  to  record  the  6 1 1  cm  1  band  which 
is  the  weakest  Raman  band  previously  assigned  to  a 
fundamental.  Since  the  IR  baseline  is  not  flat  in  this 
region  due  to  problems  with  exact  compensation  of 
polyethylene  sheets  placed  in  the  reference  beam,  it  is 
difficult  to  tell  whether  or  not  a  very  weak  IR  band  may 
be  present  at  430  cm'1.  Here,  also,  we  now  adopt  the 
suggestion  of  our  normal  coordinate  analysis  and  assign 
430  cm'1  as  the  CFj  rocking  mode  in  the  A"  symmetry 
block. 

Initially  our  sample  of  CFjOCl  contained  a  large 
amount  of  chlorine,  and  the  band  in  CFjOCl  listed  at 
561  cm'1  in  Table  1  for  the  Raman  spectrum  of  the 
liquid  was  only  visible  as  a  small  shoulder  on  the  intense 
band  due  to  the  dissolved  chlorine.  Purification  of  the 
CFjOCl  sample  gave  the  Raman  spectrum  shown  in  Fig. 
2.  The  band  at  548  cm'1  in  Fig.  2  does  not  appear  in  the 
IR  spectrum  of  gaseous  CF3OCl.  Smardzewski  and 
Fox*-24  observe  extra  bands  in  the  Raman  spectrum  of 
CF3OCI  in  an  argon  matrix  at  547  and  539  cm'1  with 
relative  intensities  of  9  and  10  respectively.  Our  band  at 
548  cm'1  in  the  Raman  spectrum  of  liquid  CFjOCl 
appears  upon  abscissa  expansion  and  higher  resolution 
to  consistent  of  two  overlapping  bands  of  equal  intensity 
at  about  551  and  545  cm'1.  Since  all  the  CFjOCl 
fundamentals  are  reasonably  accounted  for.  the  bandls) 
at  548  cm'1  must  be  either  a  non-fundamental  of 
CFjOCl  or  an  impurity. 

The  assignment  to  a  difference  band  is  reasonable 
on  a  frequency  basis  but  not  on  the  basis  of  intensity 
and  polarization.  Using  liquid  Raman  frequencies, 
S,(CF3)A’ -  r(CF3)A"  =  666- 122  =  544  cm'1  in  good 
agreement  with  548  cm'1.  However,  the  transition  from 
(r12  =  1  all  other  v,  =0,  an  A"  state)  to  (1/5  =  I,  all  other 
t>,  =  0,  an  A'  state)  is  a  non-totally  symmetric  transition 
and  should  be  depolarized.  The  548  cm  1  band  is 
polarized.  The  population  of  ( cu  =  1,  all  other  r,  =  0)  is 
10-17%  of  that  of  (all  v,  =0)  for  t'i;  =  t(CFj)A"  = 
122  cm  1  between  77  and  100K  (estimated  range  of 
sample  temperature  with  liquid  N-  in  the  coolant  bath  of 
the  low  temperature  cell).  The  fact  that  the  548  cm' 
band  has  80%  of  the  intensity  of  the  <5„(CFj)A' 
fundamental  at  561  cm'1  is  difficult  to  explain  for  a 
non-fundamental  with  no  apparent  Fermi  resonance 
possibilities  and  such  an  unfavorable  Boltzmann  popu¬ 
lation  ratio.  On  both  the  intensity  and  polarization  basis 
we  feel  that  the  548  cm'1  band  must  be  due  to  a  species 
other  than  CF3OCI. 

Possible  impurities  in  the  C1F  used  to  prepare  CFjOCl 
by  addition  to  COFj  are  C1F<  and  ClFj.  However,  the 
Raman  spectra  of  liquid  CIF*28  and  liquid  ClFj*6  are  such 
that  both  compounds  would  be  detected  by  intense 
bands  well  separated  from  any  of  the  CFjOCl  bands  in 
Fig.  2. 

For  the  case  of  CFjOF  prepared  by  the  addition  of  F; 
to  COF2,  C02  impurity  in  the  COF2  leads  to  the 
production  of  some  CF-tOFh.  By  analogy  the  addition 
of  Cir  to  C02  might  lead  to  a  variety  of  materials  of  the 
general  formula  CFwCl,(OF),(OCI)j.  Here  w,x,\\; 
may  have  values  0, 1  or  2  in  various  combinations 
subject  to  the  restrictions  that  ( w  +  r )  *  2  and  i  y  +  c )  * 
2.  For  compounds  with  C— Cl  bonds  u*0)  and  for 
compounds  with  O— F  bonds  ty  *  0),  Raman  bands 


232  JOURNAL  Of  RAMAN  SPECTROSCOPY.  VOL.  9,  NO.  4.  1990 


(*-  Hnvrtnn  .V  Son  1  r,1  1«J«n 


VIBRATIONAL  SPECTRA  AND  NORMAL  COORDINATE  AN  .41  YS1S  OF  CF,OF  AND  CF,OCI 


T 


Tabic  1.  IR  and  Raman  data-'*  below  1400  cm'1  and  assignment  of  fundamentals  for  CFjOF  and  CF  ,OCI 

CfjOf  Cf,0Ci 


IX* 

ftiman 

R' 

vt  .QUO 

Raman 

A*»iqnm#nt" 

an 

liquid 

A r  matrix4 

JM 

Ar  mainx  4 

1294 

VS 

1300 

1310 

1 

7 

1288 

5 

1271 

vs 

1275 

3 

0  60 

1269 

17 

...ICFjIA 

i  w,  br 

1261 

vs 

1250 

1250 

7 

1230 

VS 

1221 

8 

■  „(CF,)A" 

1222 

vs 

1219  w 

1205 

3 

0.45 

1211 

14 

1213 

VS 

1190 

2 

066 

1200 

3 

.,<CF,)A 

947  0 

s 

945  m 

946 

16 

0.49 

945 

54 

919  Q 

m 

917 

26 

0.46 

920 

28 

.  <CO|A 

882  0 

m 

881  vs 

882 

100 

0.03 

883 

100 

780 

w 

781 

100 

0  12 

783 

100 

H0X)4 

864  vw 

868 

8 

0.04 

871 

7 

2<S(COF)A 

776 

24 

.  (03,Cl)4 

678  a 

s 

675  w 

679 

12 

0.35 

678 

24 

665  a 

m 

666 

15 

0  38 

663 

30 

«,(CFj)A 

607 

m 

606  w.  sh 

609 

3 

0.85 

606 

9 

609 

m 

611 

3 

0  76 

609 

15 

d»»ICFj|A 

585 

m 

581  w 

587 

5 

0.43 

582 

9 

557 

w 

561 

14 

0.26 

558 

28 

■5..ICFj|4 

548 

12 

547 

9\ 

10/ 

CFjOCl  Clj 

539 

431  sh  vw 

430 

1 

7 

plCFjIA' 

429  0 

vw 

429  m 

436 

10 

0.32 

433 

34 

393  a 

m 

397 

41 

0.27 

398 

62 

SICOXIA' 

278 

vw 

272  w 

259 

3 

0.52 

256 

16 

233 

vw 

220 

4 

047 

239 

5 

p(CFj)A 

252 

vw 

246  w 

285 sh? 

7 

7 

220 sh?? 

-- 235  sh? 

7 

7 

2r(CFj)A 

127  w,  br 

144 

5 

0.86 

122 

6 

0.81 

r(CFj)A' 

‘All  observed  frequencies  are  in  cm-'.  Abbreviations  used  are:  w.  weak:  m.  medium;  s.  strong;  vw,  very  weak;  vs.  very  strong;  sh. 
shoulder;  br.  broad. 

“  Raman  data  are  listed  as  frequency  in  cm first  and  relative  intensity  second.  For  all  spectra  but  those  of  gases,  relative  intensity  is  on  a 
scale  where  the  most  intense  band  is  100.  For  the  spectra  of  liquids  the  third  entry  is  depolarization  ratio  measured  by  method  IV  of 
Claassen  era/.23  These  numbers  are  really  R  rather  than  p,  in  the  notation  of  Table  1  of  Claassen  era/,  since  f  has  not  been  measured  on 
the  JASCO  R-300.  Known  depolarized  bands  gave  R  values  in  the  range  0.75  to  0  89  on  the  JASCO  R-300  between  200  cm  '  and 
3000  cm-’  Raman  shift  from  the  514.5  nm  argon  ion  laser  line. 

°  The  notation  Q  designates  the  Q  branch  frequency  for  bands  having  PQR  structure  as  follows;  CF30F  938,  947,  956;  874,  882.  890;  670. 
678.  688;  -420.  429.  439.  CF,OCI  915.  919,  923;  659.  665,  671;  386,  393,  399. 
d  Data  is  from  Smardzewski  and  Fox. 124 

‘The  word  descriptions  for  these  symbols  shown  in  Table  3  are  used  to  name  the  normal  modes.  These  normal  mode  names  may  be 
classified  as  reasonable  or  misleading  by  inspection  of  the  potential  energy  distribution  in  Table  5  using  the  following  criterion:  the 
appropriate  symmetry  coordinate  makes  by  far  the  largest  contribution  to  the  potential  energy  distribution  By  that  criterion,  all  four 
modes  in  the  A"  block  but  less  than  half  the  modes  in  the  A'  block  have  reasonable  names45-**  Based  on  the  potential  energy 
distributions  in  Table  5,  the  following  tabulation  provides  complicated  but  reasonable  symbols  for  the  A  modes  in  question  next  to  the 
numbers  and  symbols  from  Table  3. 


Table  3 

1  r..(CFj  )A' 

CF3OF 

CFjOCl 

2  r.(CFj)4’ 

WCO)AVi,(CFj)A’  -  i',(CFj)A- 

<lCO)A-<5t(CFj)A '-,.(CF,)/4- 

3  .-(CO)A' 

■■•(CFj)A' 

■■.(CFj)A 

4  HOX1A' 

I’tOCDA  -6IC0CII4  -pICFjlA' 

5  5,(CFj)A' 

6  5m(CF3)A' 

5,(CFj)A  r  5(COF)A'  *  i(0F)A'  -  rlCOIA' 

5,(CFj)A*.  (CO)A  -  r(OCI)A'  -  5(COCI)A 

7  <5(COX)4’ 

p(CFj)A'  +  d..(CFj)A'  +  5(COF)A 

p(CF3)A  -  r(0CI)4  -5,.(CFj)4 

8  p(CFj)A' 

9  «..(CF,)4" 

10  ^..ICF,^' 

11  p(CFj)A- 

12  r(CFj )A' 

p(CF3)A*-6(COF)A’ 

6ICOCD4'  »p(CFj)4’ 

should  be  present  that  are  well  separated  from  any  of  the 
CFjOCl  bands  in  Fig.  2.  One  that  might  be  less  easily 
detected  is  CF2(OCl)2.  It  is  possible  to  estimate  the 
frequencies  for  CF2tOCl)2  from  those  of  CF3OCl  by 
using  differences  between  CF3OF  and  CF2(OF)2 
frequencies.  These  estimates  suggest  that  CF2(OCI)2 
might  have  a  strong  band  at  548  cm'1  but  not  no  traces 
of  other  bands  in  addition  to  those  in  Fig.  2. 

An  additional  possibility  is  further  reaction  of 
CFjOCl  to  form  CF3OClF2.  The  CFjO  fragments  of 
both  CF3OCl  and  CF3OC!F2  might  have  indistinguish¬ 
able  spectra  and  differentiation  would  depend  on  vibra¬ 
tions  of  the  ClFj  fragment.  Since  C1F3  has  a  C1F 
stretching  mode  at  529cm'1  (gas  phase  with  liquid  at 
lower  frequency),  the  C1F:  fragment  of  CF30C1F2  could 


be  responsible  for  the  548  cm'1  band.  However,  it  is 
difficult  to  believe  that  the  remaining  modes  of  the  C1F; 
fragment  would  not  produce  additional  bands  in  Fig.  2. 

We  attribute  the  548  cm'1  band  to  the  stretching  of 
the  Cl— Cl  bond  of  a  complex  of  CF3OCi  with  molecular 
chlorine.  Chlorine  dissolved  in  CF;.OCI  wouid^  be 
expected  to  give  three  bands  for  55C12, 5?C157C1  and  5  C12 
near  545  cm'1.  Liquid  chlorine  in  our  low  temperature 
cell  with  liquid  nitrogen  in  the  bath  gave  bands  at  547, 
540  and  533  cm'1  in  the  intensity  ratio  6.5: 4.5:1 
(theoretical  9:6:1'.  Condensation  of  chlorine  into  a 
CF3OCl  sample  of  purity  similar  to  Fig.  2  gave  bands  at 
552  and  544  cm'1  and  a  possible  shoulder  at  537  cm  ;. 
The  548  cm'1  band  in  CF3OCl  does  not  appear  to  be 
due  to  chlorine  in  the  same  environment  as  pure  liquid 
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Table  2.  The  possible  arrangements  of  chlorine  isotopes 


Mam  «rrana*m«nt 

m.v. 

No 

Cf,OCI 

Cl- 

Cl 

•bundanc* 

1 

35 

35 

35 

27 

2 

35 

35 

37 

9 

3 

35 

37 

35 

9 

4 

35 

37 

37 

3 

5 

37 

35 

35 

9 

6 

37 

35 

37 

3 

7 

37 

37 

35 

3 

8 

37 

37 

37 

1 

chlorine  or  excess  chlorine  in  CFjOCl.  However,  it 
would  be  possible  for  CFjOCl  to  form  a  complex  with 
chlorine  of  sufficient  strength  that  is  not  possible  to 
remove  all  the  chlorine  from  CFjOCl  by  our  purification 
procedure.  Then  the  548  cm"1  band  could  be  due  to  the 
stretching  of  the  Cl— Cl  bond  in  a  CF3OCl-Cl— Cl 
complex. 

A  complex  via  the  chlorine  atom  of  CF3OCI,  analo¬ 
gous  to  XJ  halide  complex  ions  such  as  1 1,  would  have 
eight  possible  isotopic  chlorine  modifications.  The  eight 
possible  arrangements  of  chlorine  isotopes  and  their 
relative  abundances  are  as  shown  in  Table  2. 

The  effect  of  the  mass  of  the  chlorine  atom  in  CF3OCl 
on  the  frequency  for  stretching  the  Cl— Cl  bond  from  Cl2 
in  the  complex  depends  on  the  strength  of  the  complex. 
The  limit  for  a  weak  complex  could  be  three  bands  due 
to  three  degenerate  sets  as  follows:  1  and  5  of  relative 
intensity  36;  2,  3, 6  and  7  of  relative  intensity  24;  and  4 
and  8  of  relative  intensity  4.  As  complex  strength 
increases  these  degeneracies  would  be  broken  as  the 
mass  of  the  chlorine  atom  in  CFjOCl  begins  to  influence 
the  frequency.  A  reasonable  strong  complex  extreme 
would  be  where  the  vibration  is  still  best  treated  as  a 
perturbed  diatomic  molecules  stretching  rather  than  a 
three  body  problem  with  antisymmetric  and  symmetric 
skeletal  stretching  and  skeletal  bending.  However,  the 
degeneracies  are  broken  and  the  eight  frequencies  might 
tend  to  group  into  the  following  four  bands:  1  of  relative 
intensity  27;  2, 3  and  5  of  relative  intensity  27;  4, 6  and  7 
of  relative  intensity  9;  and  8  of  relative  intensity  1. 

For  the  weak  complex  extreme,  the  third  band  prob¬ 
ably  would  not  be  observed  as  it  is  too  weak,  so  a  higher 
frequency  band  1.5  times  as  intense  as  a  lower  frequency 
band  is  to  be  expected.  For  the  strong  complex  extreme 
the  fourth  band  would  definitely  be  too  weak  to  observe 
and  the  extent  of  overlap  of  the  other  three  bands  is 
uncertain.  A  likely  result  would  be  that  the  third  band  of 
intensity  9  would  overlap  the  second  band  of  intensity 
27  to  give  a  single  asymmetric  band  or  a  band  with  a  low 
frequency  shoulder.  This  superposition  would  result  in  a 
lower  frequency  band  with  relative  intensity  27  (or  more 
from  overlap  of  the  third  band)  and  a  higher  frequency 
band  of  relative  intensity  27  (from  complex  1 ).  Then  two 
resolvable  bands  seem  reasonable  for  the  range  of 
complex  strengths  suggested.  The  higher  frequency 
band  would  be  expected  to  be  from  1.5  times  as  intense 
to  slightly  less  intense  than  the  lower  frequency  band 
depending  on  the  strength  of  the  complex. 

Thus,  superposition  of  spectra  of  these  eight 
complexes  for  plausible  strengths  of  the  complex  could 
provide  two  resolvable  bands  with  the  higher  frequency 
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band  being  from  1.5  times  as  intense  to  slightly  less 
intense  than  the  lower  frequency  band  Formation  of  a 
CFjOCl- •  Cl— Cl  complex  could  account  for  a  band  at 
548  cm"1  in  the  Raman  spectrum  of  liquid  CF,OCI 
appearing  to  consist  of  two  overlapping  bands  of  about 
equal  intensity  at  55 1  and  545  cm  '  The  observation  by 
Smardzewski  and  Fox*  of  bands  at  547  and  539  cm  1  of 
relative  intensities  9  and  10.  respective! v.  in  the  Raman 
spectrum  of  CFjOCl  in  an  Ar  matrix  is  also  consistent. 
Although  the  CFjOCl  in  Ar  sample  is  intended  to 
contain  isolated  molecules,  experience  in  other  systems 
suggests  that  the  Ar :  CFjOCl  ratio  of  100  is  too  low  to 
insure  isolated  molecules  since  ratios  >104  may  be 
necessary  in  some  cases  to  ensure  really  isolated  mole¬ 
cules.  The  conditions  of  a  liquid  near  77  K  and  an  Ar 
matrix  at  8  K  should  favor  complex  formation”  and  the 
improved  resolution  in  the  Ar  matrix  is  reasonable 
Thus,  a  CFjOCl  -  Ci— Cl  complex  provides  a  simple 
explanation  and  is  proposed  as  the  most  likely  origin  of 
the  548  cm"1  band. 


NORMAL  COORDINATE 

ANALYSIS 

The  Wilson  FG-matrix  method2*  was  used  with  the 
computer  programs  written  by  Schachtschneider.''*  The 
G  matrices  were  calculated  from  the  electron  diffraction 

structure  for  CFjOF5  J"  and  reasonable  assumptions  for 
the  structure  of  CFjOCl.1"  Svmmetrization  was  accom- 

plished  using  the  symmetry  coordinates  listed  in  Table  3 

generated  from  the  internal  c 

oordinates  in  Fie.  3. 

Table  3.  Symmetry  coordinates  for  CF.OX  molecules  of  C, 

symmetry 

A  symmetry 

Antisymmetric  CF3  stretch. 
■'..ICFjIA 

Symmetric  CF3  stretch. 

S,  =  v6  '(2 Ar,  -  ir,  -  Ar,| 

-■.(CFj)A' 

St  =  >  3  'lAr,  -  Ar,  -  ar,) 

CO  stretch  i-(CO)A\ 

S3  =  A1 

OX  stretch  i  (OX)A', 

Symmetric  CF3  deformation. 

St  =  Ad 

■S,(CFj)4 

(Aa4  -  Art*  *  Aa® 

~  -  A -  A»i*J 

Antisymmetric  CF3  deformation. 

S„[CF3)A' 

*  n6  ’(2Aa4  -  A***  -  Aa*} 

COX  bend.  .5(COX)A 

S^  »  Ay 

CF3  rock,  p(CF3)A' 

S,  =  *6  ’(2Ad,-Ad,-AJ,l 

Redundant 

So  -  n  6  (A04  -  At)*  *  Arts 

*  Atf  4  *  A iis  *  A iS%i 

A  Jymmtfry 

Antisymmetric  CF3  stretch. 
‘•«ICF31  a- 

Antisymmetric  CF3  deformation. 

S q  ^  v  2  ( Sr %  ■■  Sr 4) 

<5..!CF3)A 

S10  *  n  2  (Arts  “  Art®) 

CFj  rock.  pICFjIA" 

Sit  *  n  2  lAiis  ~  AJ») 

CF3  torsion.  t(CF3)4" 

Si2  *  A t 

'These  coordinates  are  correct 

for  tetrahedral  C3<  angles 

However,  they  may  be  used  for  the  non-tetrahedral  angle  case 
since  the  redundancy  is  removed  during  the  dieqonaination  of 

the  G  matrix. 
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B|Ufl  3  Internal  coordinates  for  Cf  ,0*  molecules  l,  symmetry 
>s  assumed  witn  f  CO  and  X  atoms  <n  tne  same  jiane 


The  simple  molecules  F  O,'  CI  O  "  c  F  II  ‘'l  und 
I  I  I  were  used  to  establish  .1  reasonable  ranee  of  torce 
constant  values  tor  CF,OF  and  CF  (H  I  Force  constant 
values  within  this  range  that  were  consistent  with  bond 
strengths  of  C'F  1OF  jnd  CF  iOC  I  implied  bv  their  Jiem 
ical  reactions  are  shown  in  Table  4  where  force  constants 
based  on  internal  coordinates  are  listed  The  internal 
coordinate  F  matrix  follows  from  the  list  of  force 
constants  in  Table  4.1''  The  potential  energy  dis¬ 
tributions  using  symmetry  force  constants  based  on  the 
symmetry  coordinates  in  Table  3  and  the  internal  coor¬ 
dinate  force  constant  values  in  Table  4  are  in  Table  5 
along  with  a  comparison  of  calculated  and  obsersed 
frequencies 

lmprosement  of  the  frequency  tit  for  CF.OCI  to  that 
for  CF,OF  requires  a  higher  OCI  stretching  constant. 
dlOCIl,  near  the  value  for  d'OFi  in  CF,OFor  alteration 
of  some  olf  diagonal  force  constants  The  force  constant 
values  in  Table  4  arc  consistent  with  the  chemical 
behavior  of  C'FiOF  and  CFiOCT  and  the  force  constant 
values  in  the  following  molecules  related  to  CF  OF  and 
CFiOCl.  respectively  HOF F  O’:  and  CIO, OF."1 
and  HOCI,’  Cl.-O."  CIO, OCI  and  CIO  OCIO,  “ 
The  available  data  favors  values  of  Jt()X>  in  these 
CF,OX  compounds  close  10  those  of  the  corresponding 
X:0  compounds. 

CFiOF  is  thermally  stable  in  an  IR  cell  at  room 
temperature  and  the  gas  phase  Raman  spectrum  can  be 
obtained  at  room  temperature  using  Ar  laser  radia¬ 
tion  CFiOCl  is  stable  at  room  temperature  only 
under  scrupulously  drv.  inert  conditions  Photolvtic 
decomposition  of  CF,OCI  is  quite  rapid  and  the 
decomposition  products  are  consistent  with  a  two  step 
reaction  path  involving  the  two  radicals  CF,  and  Cl '  In 
our  work  CFiOCl  began  to  decompose  during  the 
recording  of  its  IR  spectrum  at  ambient  temperature 
Smardzewskt  and  Fox*  report  that  CF,OCl  photolvzed 
almost  immediately  during  their  attempt  to  record  its  gas 
phase  Raman  spectrum  at  room  temperature  using  Ar' 
laser  radiation.  Since  this  behavior  suggests  that  rhe  OF 
bond  in  CF,OF  is  stronger  than  the  OCI  bond  in 
CF,OCI.  similar  values  of  JiOF'  and  .jiOCli  are  consi¬ 
dered  unlikely 

Values  of  JiOF'  in  mdvn  A  are  4  2 3 .45  and  3  5b 
for  HOF.'  F^O'2  and  CIOiOF.'*  respectively  Noble 
and  Pimentel  have  suggested  that  diOF  ts  larger  in 
HOF  than  in  FjO  because  the  electronegativity  of  the  F 
atom  weakens  the  OH  bond  and  strengthens  the  OF 
bond  by  attraction  of  electron  density  out  of  the  OH 
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bind  into  the  t  )F  bond  Foi  vtmh  i  chance  vompetslii'o  i 
seems  reasonable  that  the  (  F  gtoup  >t  elc\ir<iiu>.i 
tivitv  3  3  !•'  3  41  would  be  "setter  ible  to  .nnipetc  will 
the  F  atom  for  electron  density  oset  the  r  I  <  >1  !r  ime 
than  the  FI  atom  would  with  the  F  .tioni  oyer  th«  H<  >1 
frame  Thus,  an  upper  limit  for  i  <  >f  m  <  ft  >1  mignt 
be  expected  to  be  smaller  than  in  HOI  and  nejr  to  F  <  ' 
The  ./-OF  value  nt  3  5n  in  CIO. OF  where  the  1  It), 
uroup  has  an  elecfronegat.vitv  •  5  2  *  to  -4 

represents  a  reasonable  'ower  limit  I  he  •  due  .  <  >1 
3  85  in  Table  4  is  near  the  middle  ot  the  r  uixe  trom  -  v, 
to  about  4  tHi  and  close  to  the  value  lor  F  O 

Values  of  ,/iOCh  in  mdvn  ^  arc  ;  nn  '  '< 
2  b?  and  3  i>*)  for  HOCI.'’  CM)'  (  If)  Oil"  and 
CIO,OCIOu  respe  ctixelx  i'he  electronecativ  0, 
argument  of  V.tble  and  Pimente/  .an  he  appfievl  io 
HOCI.  C!;0  and  CF,()CI  Then  ./  o<  I  ,n  t  F  .Oi  ! 
should  be  lower  than  in  HOCI  but  now  'he  i  F  .-roup  ,* 
more  electronegative  than  the  i  atom  >  t  j 
compared  to  3  ,»t.  rather  than  being  less  elecfruncealit  e 
than  the  F  atom  in  CF  .OF  The  .;  <  K  I  v  a.uc  ,,i  2  n<  m 
CIO, OCI.  where  the  (  It),  itroup  has  an  electro 
negativity  of  3  25  to  3  4.  represents  a  reasonable  lower 
omit  The  d'OCI  values  of  Old  n  t  lOdH  IO  as  , 
normal  CIO  single  bond  gives  a  reasonable  upper  dm  i 
The  value  d'OCI i  =  2  Hit  in  Table  4  is  near  ihe  middle  .'! 
the  range  trcim  2  b5  to  3  iW  and  -lose  to  me  value  r. >r 
CIO 
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TaW«  5.  Potential  *Mrgy  MMm*  for  CFjOXtX  *  F.  Cl)  and  comparison  of  calculated  and  observed  frequencies" 
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*  The  numbers  m  the  tabie  give  the  contributions  to  the  potential  energy  of  the  vinous  diagonal  elements  of  the  symmetnrea  F  matrix 

1 100  Numbering  of  the  symmefrued  force  constants.  F  and  the  normal  mode  frequencies.  •  are  identical  to  the  numbering  of 

the  symmetry  coordinates  in  Table  3  The  espression  for  each  symmetrued  force  constant,  F  .  m  terms  of  the  force  constants  in  Tabie  4  >s 
included  m  the  table  Contributions  of  less  than  Sb,  are  not  included  m  the  table  The  sum  of  the  entries  m  each  column  will  be  '00  when 
positive  contributions  from  diagonal  elements  of  less  than  5  V,  and  both  positive  and  negatrve  contributions  from  oft  diagonal  aiamgrn 
art  included 

*  The  frequencies  for  CF,OF  are  from  gas  phase  IR  spectra  Table  '  I  except  for  the  CF,  torsion  which  .sfrom  the  gas  phase  Raman  spectra 
o*  Smardiewssi  and  Fox  * ,4  The  frequencies  for  CF  ,0C  are  from  gas  phase  IR  spectra  i T ab<e  1 1  with  two  exceptions  430  cm  from  the 
Raman  spectrum  of  the  liquid  and  108  cm  estimated  as  the  Raman  frequency  of  the  liquid  less  1 2%  which  is  the  percentage  decrease 
from  the  liquid  frequency  to  the  gas  frequency  for  the  CF,  torsion  in  CE,OF 


The  potential  energy  distributions  in  Table  5  show 
that  extensive  mixing  of  the  symmetry  coordinates  tn 
Table  3  occurs  in  some  if  the  normal  modes1  as  might 
be  expected  for  molecules  with  atoms  of  similar  masses 
Potential  energy  distributions  based  on  internal  coor¬ 
dinates  and  the  corresponding  force  constants  in  Table  4 
are  available  elsewhere  44  I'smg  either  potential  energy 
distribution,  hve  modes,  all  in  the  .4  block  under  C, 
symmetry,  differ  somewhat  between  CFiOF  and 
CFiOCI.  they  are  i.iCFoM  .  » <OX>A  .  iS.'CFtiA  , 
A'COXiA  .  piCFjiA  The  normal  mode  symbols  used  in 
Table  1.  based  on  the  symbols  of  the  symmetry  coor¬ 
dinates  in  Table  3.  may  be  classified  as  reasonable  or 
misleading  depending  upon  whether  or  not  the  following 
criterion  is  met  the  appropriate  symmetrv  coordinate 
makes  the  dominant  contribution4'  to  the  potential 
energy  distribution  Bv  that  criterion,  all  four  modes  in 
the  A  '  block  but  less  than  half  the  modes  in  the  A  bloc* 
have  reasonable  symbols  in  Table  1  4*  The  normal 
modes  whose  symbols  in  Table  I  are  misleading  are  in 
two  categories  those  where  the  svmmetrv  coordinate 
for  which  the  mode  is  named  makes  the  largest  hut  not 
the  dominant  contribution4  and  those  where  another 
symmetry  coordinate  makes  the  largest  contribution  44 
Inspection  of  Table  5  suggests  several  changes*'1  for  the 
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normal  mode  symbols  in  Table  1 .  with  the  result  that  the 
simple  symbols  ,  iCO'.-l  .  i3,'CF,i.-\  .  iST'OXA  and 
piCF.'A  will  no  longer  occur  in  the  -3  block,  and  the 
mode  conventionally  labeled  as  /  iCO.4  becomes 
ivCF.i  A 

The  acceptance  ol  the  view  stated  previously  that 
values  of  i/  OX  in  CF.OX  compounds  are  close  to 
diOXi  in  the  corresponding  X.-O  compounds  supports 
the  acceptance  of  the  force  constant  values  in  Table  4 
and  the  potential  energy  distribution  in  Table  5  as 
reasonable  Although  a  normal  coordinate  analysis 
should  not  normally  be  said  to  confirm  an  assignment 
absolutely,  the  results  are  useful  for  suggesting  alter¬ 
natives  and  reasonable  conclusions  from  contradictors 
data.  Here  the  result  that  a  CF.  rocking  frequency  o|  4  ' 
symmetry  should  be  jbove  400  cm  led  to  the  recog¬ 
nition  that  one  of  two  bands  between  200  and  300  cm 
could  be  2nC'F-. iA  and  prompted  our  detailed  investi¬ 
gation  of  the  CF,  torsion  The  ■  cversal  of  the  CO 
stretching  and  OF  stretching  assignmc.  *  of  W  ilt  and 
Jones  for  CF  ,OF  by  Smardrewski  and  Fox'  is  supported, 
although  the  name  CO  stretching  is  misleading4"4'* 
For  CF,  compounds  of  C,  symmetry  the  assignment  of 
one  of  the  bands  in  the  1  1  50-1350  cm  region  to  the 
antisymmetric  (  F,  stretch  of  4  svmmetrv  is  often 
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ambiguous.  Our  results  here  for  CFjOX  compounds  and 
elsewhere  for  the  CF>OOX  series1*  suggest  that  the 
intermediate  frequency  of  the  three  bands  between 
1150  and  1350  cm'1  belongs  in  the  A"  block. 


SUMMARY 


1.  The  reassignment  of  i(OF>A'  in  CF)OF  by 
Smardzewski  and  Fox  is  consistent  with  our  normal 
coordinate  analysis. 

2.  For  both  CFjOF  and  CFjOCl.  piCFjlA"  is  assigned 
near43ocm  1  and  the  two  bands  between  200  cm  1 
and  300  cm'1  are  assigned  to  a  fundamental 
involving  both  p(COX)A'  and  iSiCOXiA'  and  to  a 
A*-  =  3  transition  in  rlCFjlA" 

3.  An  extra  band  at  548  cm  1  in  the  Raman  spectrum 
of  liquid  CFiOCI  is  assigned  to  a  CF\OCI  --CI; 
complex. 

4.  The  force  constants  ifiOX)  for  CFiOX  molecules 


are  suggested  to  be  near  in  value  to  t/iOXi  for  XjO 
molecules. 

5.  More  than  half  the  normal  modes  of  .4'  symmetry 
show  extensive  mixing  of  symmetry  coordinates. 

6.  For  some  normal  modes  of  .4'  symmetry,  the  sym¬ 
metry  coordinate  for  which  the  normal  mode  is 
named  is  the  largest  but  not  the  dominant  contribu¬ 
tor  to  the  potential  energy  distribution.'1 

7.  For  other  normal  modes  of  A  symmetry,  the  sym¬ 
metry  coordinate  for  which  the  mode  is  named  is 
not  even  the  largest  contributor  to  the  potential 
energy  distribution  4* 

8.  No  normal  modes  of  .4  symmetry  are  present  in 

which  /'iCOl/4'.  8,iCF-.i.4  ,  tSiCOXiA  .  or 

piCFoA'  symmetry  coordinates  are  dominant. 

9.  The  normal  mode  conventionally  labeled  as 
i-iCOtA'  should  be  labeled  as  c,(CFiiA 

10  For  the  remaining  .4'  normal  modes  and  all  the  A" 
normal  modes,  the  symmetry  coordinate  for  which 
the  normal  mode  is  named  is  dominant  in  the 
potential  energy  distribution. 
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tha  0  —  C)  bond  langth  from  O;0  s  used  'or  CF,0Ci  Smcathe 
Cl  — 0  —  0  angle  m  Cl»0  is  8°  larger  than  me  F  — 0  F  angle  m 
FjO.  th#  Cl  — 0  —  0  angle  >n  CF,OOis  taken  as  8'  arger  than 
th«  C  —  0  — F  annie  m  CFjOF  Tha  principal  moments  ot  inertia 
for  CF,0F  m  emu- A*  are  89  6  164  6  and  '66  0  ano  the 
asymmetry  parameter  is  0  98  The  principal  moments  of 
merti»forCF,0O  in  amu- A3  are  89  6  254  9  and  256  4  and  the 
asymmetry  oarsmeter  is  -0  99  The  ,»  %  and  .1  used  m  this 

note  are  defined  in  Fig  i  of  Ref  5  and  do  not  correspond  to 
tha  ingles  dafinad  m  pur  c,g  3  ,n  aii  caaea 
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43.  Tha  mixing  of  CFj  group  modes  with  modes  of  tha  remainder 
of  tha  molecule  has  bean  reported  previously  Sea  tor 
example.  E.  C.  Tuazon.  W  G  Fateley  and  F  F  Bentley.  Appi 
Spactrosc.  25.  374  (1971) 

44  Sea  Table  15  in  Ref  18. 

45.  A  symmetry  coordinate  is  classified  as  making  tha  dominant 
contribution  to  a  column  in  Table  5  if  tha  corresponding  entry 
is  greater  than  67%  of  the  sum  of  the  entries  m  that  column  or 
if  the  corresponding  entry  is  a  factor  of  4  or  more  larger  than 
the  next  largest  entry  in  that  column. 

46.  The  normal  modes  in  the  A  block  that  have  reasonable 
symbols  in  Table  1  are:  CFjOF.  i-.,(CFj)A  .  i  (OF)4  and 
S„ICP3)A',  CFjOCI.  ••..(CFj)A  and  6„(CF3)A 

47.  The  normal  mode  symbols  where  the  symmetry  coordinate 
for  which  the  normal  modes  is  named  makes  the  largest  but 
not  the  dominant  contribution  are  CFjOF.  iS.ICFjIA  .  and 
i>(CFj)A';  CFjOCI.  .(OCI)A  and  S.lCFjIA 

48.  The  normal  mode  symbols  where  another  symmetry  coor¬ 

dinate  makes  the  largest  contribution  are:  CFjOF.  i',(CFj)A'. 
n(CO)A'  and  «(COF)A';  CFjOCI.  •'.(CFj)A’,  •  (COIA  : 

i(COCI)A  andp(CFj)A\ 

49  See  Table  1.  footnote  e 
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